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ABSTRACT 
 
Biofouling on ship hulls and other surfaces calls for immediate attention as fouling 
organisms increase both friction and weight of vessels, resulting in wasted fuel 
consumption, travel time, and cleaning resources.  There are currently many efforts to 
develop polymeric networks as anti-fouling coatings to replace traditional anti-fouling 
paints, which contain toxic compounds.  This dissertation focuses on the development of 
new methodologies for anti-fouling polymeric network syntheses, orthogonal 
modifications, characterization and anti-fouling properties for marine anti-fouling 
applications.   
A terpolymer network based on hyperbranched fluoropolymers crosslinked with 
poly(ethylene glycol) and polydimethylsiloxane that displayed improved fouling releasing 
properties was generated.  Methodologies and experiments were designed and performed 
to investigate the stability and crosslinking efficiency of the network when the 
crosslinking polymers were increased.  The concept of using a three-component system 
was retained while changing each component.  A ternary network of silsesquioxanes, an 
amphiphilic fluorinated compound and sulfobetaines was generated by thiol-ene click 
chemistry and to form coatings.  The anti-fouling performances of the coatings were then 
tested against various marine fouling organisms.   
A facile, two-step modification to generate an amphiphilic zwitterionic copolymer 
from a commodity copolymer was also explored.  A copolymer containing hydrophobic 
units and reactive units was synthesized and subsequently modified to produce an 
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amphiphilic, zwitterionic polymer. The amphiphilic zwitterionic polymer was covalently 
attached onto silanized glass with different crosslinking extents to form amphiphilic 
crosslinked networks.  The surface properties of the resultant polymer coating can be 
easily tuned by varying the extent of cross-linking in the network.  Anti-fouling studies of 
bovine serum albumin and Ulva zoospores suggest that this system displayed potential as 
an anti-fouling material.   
Lastly, the thermal and mechanical properties of zwitterionic vs. blended ionic 
polymers were investigated.  Different charged polymers were prepared by 
functionalizing poly[(allyl glycidyl ether)-b-(ethylene oxide)-b-(allyl glycidyl ether)] 
(P(AGE-b-EO-b-AGE)) with different charged thiols through highly efficient photo-
initiated thiol-ene chemistry.  Equimolar amounts of polymers with positive charged side 
chains and negative charged side chains were then mixed together and compared to 
polymers with zwitterionic side chains that possess similar charge densities.  The bulk 
polymers were characterized by thermogravimetric analysis, differential scanning 
calorimetry, and dynamic mechanical thermal analysis to study the effect of the nature of 
ionic interactions of the charged polymers.   
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NOMENCLATURE 
 
AGE Allyl glycidyl ether 
AF Anti-fouling 
AFM Atomic force microscopy 
AFSM Amphiphilic fluorinated small molecule 
ATR-FTIR Attenuated total reflectance-Fourier transform infrared 
spectroscopy 
ATR-SCVCP Atom transfer radical-self condensing vinyl copolymerization 
BHT Butylated hydroxytoluene 
BSA Bovine serum albumin 
CA Contact angle 
CAA 2-Carboxy ethyl acrylate 
COP Chloro-2-oxo-1,3,2-dioxaphospholane 
DCM Dichloromethane 
DIPEA N,N-Diisopropylethylamine 
DMF N,N-Dimethylformamide 
DMPA 2,2-Dimethoxy-2-phenylacetophenone 
DSC Differential scanning calorimetry 
DMTA Dynamic mechanical thermal analysis  
GPC Gel permeation chromatography 
HBFP Hyperbranched fluoropolymers 
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HRMS High-resolution mass spectrometry 
IMO International Maritime Organization 
NMR   Nuclear magnetic resonance  
PBS Phosphate buffer saline 
PDMS Polydimethylsiloxane 
PEG Poly(ethylene glycol) 
PFS 2,3,4,5,6-Pentafluorostyrene 
PMMA Polymethyl methacrylate 
POSS Thiopropyl T8/T10 silsesquioxane 
RFU Relative fluorescence units 
SA Sulfonate 
SAA Poly(styrene-co-allyl alcohol) 
SAP Poly(styrene-co-allyl phospholane) 
SEM Scanning electron microscopy 
TBT Tributyltin 
TEA Triethylamine 
TGA Thermogravimetric analysis 
THF Tetrahydrofuran 
TMA Trimethylammonium chloride 
TMBD N,N,N’,N’-tetramethyl-1,4-butanediamine 
TrEG Triethylene glycol 
UV Ultraviolet 
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UV-vis Ultraviolet-visible  
XPS X-ray photoelectron spectroscopy 
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CHAPTER I   
INTRODUCTION 
 
1.1 Introduction 
The ability to resist the adsorption of biomolecules and microorganisms is critical 
in both marine and biomedical applications.
1-5
  After thorough investigations, certain 
polymeric materials such as silicone elastomers, fluoropolymers, PEGylated 
(poly(ethylene glycol)-conjugated) polymers and zwitterionic polymers have shown to 
display unique properties that contribute to the effectiveness of fouling resistance.
4,6-22
  
Silicone elastomers, polydimethylsiloxane (PDMS) in particular, exhibit low surface 
energy, inertness, stability, and modulus allowing the attached fouling organism to 
detach easily by hydrodynamic forces.
23,24
  Fluoropolymers have low surface energy, 
low wettability and high chemical stability that help deter fouling.
10-14
  PEGylated 
polymers have also shown great anti-fouling properties as a hydration layer forms 
around PEG through hydrogen bonds, which requires disruption from proteins that is 
both energetically and kinetically unfavorable.
4,14-18
  An alternate class of hydrophilic 
polymers that shows promising protein anti-fouling properties is zwitterionic polymers, 
which are inspired by blood cell membranes.
3,4,19,25-28
  Unlike PEGylated polymers, 
zwitterionic polymers such as phosphorylcholine, carboxybetaine and sulfobetaine 
produce the hydration layer through electrostatic interactions in addition to hydrogen 
bonding.
3,4,19,26-28
  The hydrogen bonding interactions of water molecules with 
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zwitterions have also been reported to be stronger than the hydrogen bonding 
interactions of water molecules with other hydrophilic materials.
29
   
In the aquatic environment, fouling occurs when marine microorganisms form 
biofilms on surfaces such as ship hulls and allows for larger marine organisms, such as 
diatoms and barnacles, to attach onto the biofilms and proliferate.
21,30
  Accumulation of 
marine fouling organisms on hulls not only increases the weight of the vessel, but also 
increases hydrodynamic drag, thus decreasing the vessel’s speed and maneuverability 
and resulting in higher fuel consumption and traveling time.
22,31
  Furthermore, the need 
to clean the fouling organisms off ship hulls and also increases the added cost due to 
fouling.
32
  The US Navy alone, which accounts for less than half a percent of the world’s 
shipping industry, spent additional $180M-$260M USD per year as a result of fouling.
22
  
Fouling organisms also pose a significant threat to the environment as they cling onto 
ship hulls and travel into foreign waters where they can create ecological imbalances in 
populations.
33-36
  For example, Yamaguchi and coworkers have found fourteen 
previously unrecorded barnacle species on two international ship hulls in the port of 
Osaka Bay.
33,34
  In order to reduce fuel consumption, hull cleaning costs, and the 
invasion of non-indigenous species, tributyltin (TBT) was added into marine paints as 
the first strategy to combat biofouling in the 1960s.
37
  Although these coatings are 
successful at resisting fouling, the TBT is considered to be one of the most toxic 
chemicals to be deliberately introduced into the marine environment and has been 
banned by the International Maritime Organization (IMO).
38-40
  Cuprous oxides were 
then used as a substitute for TBT.  However, cuprous oxides are still toxic and shown to 
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be less effective as an anti-fouling agent than TBT.
41
  This lack of effective alternatives 
to TBT calls for immediate attention to find solutions to combat biofouling in a more 
efficient and environmentally benign approach. 
A grand challenge in anti-fouling in the marine environment is that different 
marine organisms have been shown to foul differently on different polymeric materials 
as marine organisms, depending on the species, foul on a surface by secreting either 
hydrophobic or hydrophilic glycoprotein adhesives.
14,15,42,43
  Soft fouler green marine 
algae have been demonstrated to foul more on hydrophilic PEGylated surfaces than on 
hydrophobic fluorinated surfaces, while hard fouler Navicula diatoms displayed the 
opposite trend and fouled more on hydrophobic fluorinated surfaces than on hydrophilic 
PEGylated surfaces.
14,15,43
  Amphiphilic copolymer coatings that combine both 
fluoropolymers and PEGylated polymers resulted in weak adhesion of both Ulva and 
Navicula.
14
  Thus, multi-component polymer systems have generated much interest for 
anti-fouling applications in the marine environment as the system combines the anti-
fouling properties of each component and displays chemical heterogeneities.
14,44,45
   
Our group has designed and synthesized hyperbranched fluoropolymers (HBFP) 
which, when deposited with complementarily-reactive diamino-PEG on a substrate, 
gives rise to an amphiphilic crosslinked network that displays topological, topographical 
and chemical heterogeneities over both nanoscale and microscale, due to the covalent, 
kinetic trapping of the two physically-incompatible polymers.
46-48
  With chemical 
heterogeneity and topographical and topological features on the order of nanoscale and 
microscale, it is less likely for fouling organisms and their secreted hydrophobic or 
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hydrophilic proteins to find a suitable region on the HBFP-PEG surface to adhere 
strongly to.
48
  The crosslinking mechanism of HBFP with PEG involves nucleophilic 
substitution of bromoalkyl end groups of HBFP that was generated from atom transfer 
radical-self condensing vinyl copolymerization (ATR-SCVCP) with difunctional amino 
terminated end groups of PEG.  This crosslinking mechanism allows for the tuning of 
the HBFP-PEG network with varying wt% of PEG relative to HBFP to achieve optimal 
anti-fouling properties.  For example, the resistance against the settlement of 
hydrophobic biomacromolecule, bovine serum albumin (BSA) and an amphiphilic 
biomacromolecule, lipopolysaccharides from Escherichia coli (LPSE) was studied on a 
series of HBFP-PEG networks with varying wt% of PEG.
46
  The studies showed that 
BSA adhered more onto surfaces with lower wt% of PEG while LPSE adhered more 
onto surfaces with higher wt% of PEG.
46
  These results indicated that a surface which 
presents optimal nanoscale heterogeneity in terms of chemical composition, topology 
and topography can resist proteins that adhere to hydrophobic or hydrophilic surfaces, 
and that biofoulers can discriminate between surface domains of different wettability and 
of a specific size in the micrometer range.
46,47
     
For additional heterogeneity and improved mechanical properties in HBFP-PEG 
networks, a third component, PDMS, was incorporated into the current HBFP-PEG 
system to form HBFP-PEG-PDMS terpolymer networks.
49,50
  The HBFP-PEG-PDMS 
terpolymer networks have shown to have improved fouling release of diatoms than 
HBFP-PEG networks.
49,50
  Significant advances in the preparation of the HBFP-PEG-
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PDMS terpolymer networks have also been made as the coatings can be prepared rapidly 
with less materials required by airbrush application.   
This dissertation focuses on the development of new methodologies for anti-
fouling polymeric network syntheses, orthogonal modifications, characterization and 
anti-fouling properties for marine anti-fouling applications.  Chapters 2, 3 and 4 involve 
the investigations in amphiphilic networks for anti-fouling in the marine environment.  
Specifically, Chapter 2 discusses the stability and crosslinking efficiency of increasing 
the amount of PEG contents in the HBFP-PEG-PDMS terpolymer system.  Chapter 3 
focuses on the anti-fouling properties of a new ternary network in which multifunctional 
silsesquioxane (POSS) is crosslinked with an amphiphilic fluorinated small molecule 
(AFSM) and zwitterionic small molecule (ZSM) via thiol-ene “click” chemistry.  The 
overall goal of this work is to generate an amphiphilic ternary anti-fouling coating that 
combines the properties of POSS, amphiphilic fluoro- and oligo(ethylene oxide) 
compounds, and zwitterionic compound efficiently.  Chapter 4 details a method that 
utilizes facile chemistry to introduce both amphiphilicity and zwitterionicity into a 
commodity polymer to form a polymer coating, which exhibited great anti-fouling 
performance.  With increasing anti-fouling materials that includes zwitterionic or net 
neutral mixed charged polymers in various anti-fouling applications, investigations of 
thermal and mechanical properties of zwitterionic polymers and net neutral mixed 
charged polymers are reported in Chapter 5 as the polymer properties become of 
significance when applying to a specific application. 
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In Chapter 2, the stability and crosslinking ability of HBFP-PEG-PDMS 
terpolymer networks were further investigated in order to determine if increasing the 
wt% of linear polymers of PEG and PDMS was feasible.  HBFP-PEG-PDMS terpolymer 
network was generated using 200 wt% PEG relative to HBFP and 50 wt% PDMS 
relative to HBFP, which requires higher crosslinking sites in comparison to previous 
HBFP-PEG-PDMS terpolymer networks that were generated using up to 75 wt% PEG 
relative to HBFP and 75 wt% PDMS relative to HBFP.  The HBFP-PEG-PDMS 
terpolymer coating was prepared on an Interseal
®
 670 HS epoxy-based undercoat 
covered microscope glass slide.  Scanning electron microscopy (SEM), attenuated total 
reflectance-fourier transform infrared spectroscopy (ATR-FTIR) and atomic force 
microscopy (AFM) characterizations were used to confirm the HBFP-PEG-PDMS 
terpolymer network on the Interseal
®
 670 HS epoxy-based undercoat covered 
microscope glass slide.  The thicknesses of the HBFP-PEG-PDMS terpolymer network 
layer and the Interseal
®
 670 HS epoxy-based undercoat layer were measured using SEM.  
The stability and crosslinking efficiency of the HBFP-PEG-PDMS terpolymer network 
were investigated by comparing the HBFP-PEG-PDMS terpolymer network when 
immersed in synthetic seawater for 0 d, 1 d, and 1 wk.  AFM images, static water contact 
angles and IR spectra of the HBFP-PEG-PDMS terpolymer network after immersion in 
synthetic seawater for 0 d, 1 d, and 1 wk showed no significant change suggesting that 
the HBFP-PEG-PDMS terpolymer network was stable during the 1 wk immersion in 
synthetic seawater.  The crosslinking efficiency and stability of the HBFP-PEG-PDMS 
terpolymer network were also investigated by subjecting the HBFP-PEG-PDMS 
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terpolymer networks that were immersed in synthetic seawater for 0 d, 1 d and 1 wk to 
Soxhlet extraction using tetrahydrofuran (THF) as solvent.  At the end of the Soxhlet 
extraction, all HBFP-PEG-PDMS terpolymer networks that were immersed in synthetic 
seawater for 0 d, 1 d and 1 wk were still intact and only resulted in a 10% mass loss.  
Lastly, no evidence of the loss of HBFP, PEG, or PDMS was present in the 
1
H NMR 
spectra of the extracted contents, indicating that the HBFP could be functionalized with 
more linear polymers or even small molecules than what had been previously done. 
In Chapter 3, a ternary coating was designed involving a multi-functional thiol 
POSS crosslinked with AFSM and coupled with ZSM via thiol-ene click chemistry.  
Four different types of coatings (A, B, C, D) with varying stoichiometric molar ratios of 
AFSM and ZSM were generated.  The resulting coatings yielded thicknesses that ranged 
from 0.2 µm to 1.3 µm as determined by SEM images.  The anti-fouling and fouling 
release performances of ternary coatings with and without biofilm layer were 
investigated with Ulva linza, Navicula incerta, and Balanus amphitrite to test if the 
presence of a biofilm on the ternary coatings influences the settlement and adhesion of 
fouling organisms on the ternary coatings.  With the presence of biofilm, spore 
settlement densities of Ulva linza were increased in all ternary coatings and control.  
Spore settlement densities on all ternary coatings were lower than those on glass surfaces 
but higher than those on PDMS.  There was no major difference between anti-fouling 
performances of ternary coatings and silanized glass against diatoms.  As for the results 
collected from barnacle cyprid assay, the settlement densities on the ternary coatings 
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were not affected by the presence of the biofilm and were higher than those of silanized 
glass. 
In Chapter 4, a novel strategy that utilizes simple chemistry was designed to 
modify a commercially-available polymer to form an amphiphilic polymer coating, in 
which the hydrophilic component is composed of zwitterionic units.  The amphiphilic, 
zwitterionic, anti-fouling polymer coating on silanized microscope glass slide was 
engineered by a two-step modification of a commodity polymer.  The surface properties 
of the resultant polymer coating can be easily tuned by varying the extent of crosslinking 
in the network.  Nominally 0%, 25%, and 50% crosslinked amphiphilic zwitterionic 
coatings were prepared and measured by calipers to range from 30 µm to 50 µm.  X-ray 
photoelectron spectroscopy (XPS) was used to confirm the chemistry of the conversion 
of phosphotriester units into phosphorylcholine units taking place on the surface of the 
coating.  AFM images of the coatings in the dry state presented rough surfaces with 
randomly distributed topographical features while the images of the coatings in the 
water-swollen state displayed lower Rrms and decrease in surface area, resulting in a 
smoother surface than their dry counterparts.  Both AFM images and static water contact 
angles of the coatings in both the dry and water-swollen states confirmed that dynamic 
reorganization had occurred on the surface when immersed in water.  Higher anti-fouling 
efficiency was observed for these surfaces vs. an elastomeric polydimethylsiloxane 
standard (Sylgard® 184) against the adsorption of biomacromolecules and Ulva 
zoospores.  This design establishes a platform for the achievement of functionalized 
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amphiphilic zwitterionic copolymers from relatively inexpensive starting materials via 
simple chemical manipulations. 
In Chapter 5, the thermal and mechanical properties of zwitterionic polymers and 
net neutral mixed charged polymers were investigated.  Different charged polymers were 
prepared by functionalizing poly[(allyl glycidyl ether)-b-(ethylene oxide)-b-(allyl 
glycidyl ether)] (P(AGE-b-EO-b-AGE)) with different charged thiols through highly 
efficient photo-initiated thiol-ene chemistry.  Equimolar amounts of polymers with 
positive charged side chains and negative charged side chains were then mixed together 
and compared to polymers with zwitterionic side chains which possess similar charge 
densities.  The bulk polymers were characterized by thermogravimetric analysis (TGA), 
differential scanning calorimetry (DSC) and dynamic mechanical thermal analysis 
(DMTA) and the effect of the nature of ionic interactions on the thermal/mechanical 
properties studied.  The zwitterionic polymer exhibits lower crystallinity than the 
cationic/anionic blended polymer.  DMTA traces suggested that zwitterionic units in 
zwitterionic polymers resulted in higher storage modulus than those of between cationic 
and anionic units of cationic/anionic blended polymers at temperatures above -27 °C.  
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CHAPTER II  
INVESTIGATIONS OF THE STABILITY AND CROSSLINKING EFFICIENCY OF 
HYPERBRANCHED FLUOROPOLYMER-POLYDIMETHYLSILOXANE-
POLY(ETHYLENE GLYCOL) CROSSLINKED TERPOLYMER NETWORKS
 *
 
 
2.1 Introduction 
A considerable amount of effort has been invested into the prevention of fouling 
on ship hulls since the ban of TBT.
39,51
  However, the prevention of fouling has proven 
to be challenging due to the many variables that play a role in fouling such as water 
region, water temperature, salinity, and marine organism species.
39,52-56
  Different marine 
organisms have been shown to foul differently on different polymeric materials as 
marine organisms, depending on the species, foul on a surface by secreting either 
hydrophobic or hydrophilic glycoprotein adhesives.
14,15,42,43
  For example, hydrophobic 
fluorinated surfaces have been demonstrated to resist adsorption of soft fouler green 
marine algae, Ulva, but not of hard fouler Navicula diatoms, while hydrophilic 
PEGylated surfaces show better resistance to the adhesion of diatoms than to the 
adhesion of Ulva.
14,15,43
  Amphiphilic copolymer coatings with the combination of both 
fluoropolymers and PEGylated polymers resulted in a weak adhesion of both Ulva and 
Navicula.
14
   
                                                 
*  In collaboration with Jennifer N. Zigmond, Eric D. Vavra, Kevin A. Pollack, Samantha L. 
Kristufek, Karen L. Wooley, Departments of Chemistry, Chemical Engineering and Materials 
Science & Engineering, Texas A&M University 
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Polymeric materials have been heavily investigated and have been shown to be 
effective as anti-fouling coatings.  Some of the most explored polymers are silicone 
elastomers, fluoropolymers, PEGylated polymers and zwitterionic polymers.
12-32
  
Silicone elastomers, PDMS in particular, have been commercialized as non-toxic 
antibiofouling coatings.
23
  These coatings exhibit low surface energy and low modulus 
allowing the attached fouling organism to detach easily by hydrodynamic forces.
23,24
  
Another class of polymers that has been studied extensively as anti-biofoulers are 
fluoropolymers, due to their low surface energy, low wettability and high chemical 
stability.
10-14
  PEGylated polymers have also shown great anti-fouling performance as 
the hygroscopic PEG forms a hydration layer through hydrogen bonds around the 
surface which requires disruption from proteins that is both energetically and kinetically 
unfavorable.
4,14-18
   
Our laboratory has designed and synthesized a hyperbranched fluoropolymer 
HBFP, which has amphiphilic character to enhance anti-biofouling performance while 
retaining the desired nanoscale surface heterogeneities.
57
  An advantage of HBFP is that 
it possesses bromoalkyl end groups from bromoacetyl and bromobenzyl groups 
generated during ATR-SCVCP, which can react with amine groups via nucleophilic 
substitution reaction.  The ability for the bromoalkyl end groups to undergo nucleophilic 
substitution reaction with amine groups allows for the HBFP to be coupled and/or 
crosslinked with small molecules or other polymers that bear amine groups.  HBFP was 
crosslinked with varying amounts of poly(ethylene glycol) bis(3-aminopropyl) 
terminated.  The resultant crosslinked HBFP-PEG networks displayed topological, 
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topographical and chemical heterogeneity over a variety of scales, which had shown to 
deter the settlement of both biomacromolecules and marine organisms.
46,48,58-60
  We have 
recently explored introducing a third polymer, poly(dimethylsiloxane) bis(3-
aminopropyl) terminated, which is a fouling release polymer, into HBFP-PEG systems 
to form terpolymer AF HBFP-PEG-PDMS systems.
43,50
 
Previous HBFP-PEG-PDMS terpolymer systems which were investigated 
involve a series of nine HBFP-PEG-PDMS terpolymer networks with varying 
stoichiometries of HBFP, PEG (25, 50 and 75 wt%, relative to HBFP) and PDMS (25, 
50 and 75 wt%, relative to HBFP) components.
43,50
  The highest wt% of linear polymers 
in the series is 150 wt% (75 wt% PEG and 75 wt% PDMS) relative to HBFP, which is 
by far the network with the highest crosslinking density that we have ever prepared.  It is 
of our continued interest to understand the crosslinking efficiency of HBFP so that 
networks with higher components could be generated in order to increase chemical 
complexity while maintaining a stable crosslinked network.  Therefore, HBFP-PEG-
PDMS terpolymer coatings with a formulation of HBFP, PEG (200 wt% relative to 
HBFP) and PDMS (50 wt% relative to HBFP) were prepared to test for the crosslinking 
efficiency of HBFP with PEG and PDMS.  The stability and crosslinking efficiency of 
the coatings were investigated by performing Soxhlet extraction and various 
characterization techniques such as AFM and IR on the terpolymer networks. 
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2.2 Experimental Section 
Materials 
All chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, MO) 
and used without further purification unless otherwise noted.  2,3,4,5,6-
Pentafluorostyrene (PFS) was purchased from Oakwood Chemical (West Columbia, SC) 
and filtered through neutral alumina to remove inhibitor prior to use.  Microscope glass 
slides (75 mm x 25 mm x 1 mm) were purchased from VWR (Radnor, PA).  Synthetic 
seawater was purchased from Ricca Chemical Company (Arlington, TX).  Interseal
®
 670 
HS was purchased from Richmond Supply, Inc. (Augusta, GA).  Custom aluminum 
molds were fabricated at the Texas A&M University machine shop (College Station, 
TX).  Central Pneumatic mini air compressor with airbrush and hose (120 VAC/ 60 Hz, 
1/5 HP, 1750 RPM, 30 PSI Working Air Pressure, Air Outlet: 1/8” – 27 NPT, Item 
95830) were purchased from Harbor Freight Tools (Los Angeles, CA).  Glascribe 
tungsten carbide tipped pen was purchased from Ted Pella, Inc (Redding, CA).   
Nuclear Magnetic Resonance Spectroscopy 
1
H NMR, 
13
C NMR NMR and 
19
F NMR spectra were recorded on a Varian Inova 
300 (Varian Inc., Palo Alto, CA) interfaced to a UNIX computer using VnmrJ software.  
1
H NMR and 
13
C NMR were analyzed using the solvent signal as an internal reference. 
High-resolution Mass Spectrometry 
  High-resolution Mass Spectrometry (HRMS) for the monomers was 
conducted on an Applied Biosystems PE SCIEX QSTAR.   
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Elemental Analysis 
  Elemental analysis of the polymers was performed at Midwest Microlab, LLC 
(Indianapolis, IN).  
Gel Permeation Chromatography 
  The molecular weight and molecular weight distribution of polymer was 
determined by gel permeation chromatography (GPC) with a Waters 1515 isocratic 
HPLC pump (Waters Corporation, Milford, MA) equipped with a Waters 2414 
differential refractomer (Waters Corporation, Milford, MA), and a PD2020 dual-
angle (15° and 90°) light scattering detector (Precision Detectors, Inc., Bellingham, 
MA), and four PLgel polystyrene-co-divinylbenzene gel columns (Polymer 
Laboratories, Inc., Amherst, MA) connected in series: 5 m Guard (50  7.5 mm), 5 
m Mixed C (300  7.5 mm), 5 m 104 (300  7.5 mm), and 5 m 500 Å (300  7.5 
mm) using the Breeze (version 3.30, Waters, Inc.) software.  The instrument was 
opeated using THF as the eluent at a flow rate at 1.00 mL/min at 35 °C.  An injection 
volume of 200 L of polymer solution (1 mg/mL) was used.  Data collection and 
analyses were performed using Precision Acquire 32 Acquisition program (Precision 
Detectors, Inc., Bellingham, MA) and Discovery32 software (Precision Detectors, 
Inc., Bellingham, MA), respectively.  A calibration curve was generated by plotting 
the known molecular weights of a series of broad polydispersity poly(styrene) 
standards as a function of retention time. 
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Thermal Analysis 
TGA was performed under argon atmosphere using a Mettler-Toledo model 
TGA/DSC1 Star
e
 system (Mettler-Toledo, Inc., Columbus, OH), with a heating rate of 
10 °C/min.  Measurements were analyzed by using Mettler-Toledo STAR
e
 v. 7.01 
software.  Glass transition temperatures (Tg) were measured by differential scanning 
calorimetry (DSC) on a Mettler-Toledo DSC822
e
 (Mettler-Toledo, Inc., Columbus, OH), 
with cooling and heating rates of 5 °C/min.  Measurements were analyzed using Mettler-
Toledo STAR
e
 v. 7.01 software.  The Tg was taken as the midpoint of the inflection 
tangent, upon the third heating scan.   
Attenuated Total Reflectance-Flourier Transform Infrared Spectroscopy 
ATR-FTIR spectra were recorded using an IR Prestige 21 system (Shimadzu 
Corp., Kyoto, Japan) attached with PIKE MIRacle™ ATR and diamond crystal and 
analysis was performed using IRsolution v. 1.40 software.   
Scanning Electron Microscopy 
SEM images were imaged using TESCAN VEGA3 SEM.  All samples were 
sputter coated with either a 20 nm layer of gold or a 5 nm layer of 80% platinum/20% 
palladium. Samples were mounted perpendicular to the secondary electron detector 
using conductive carbon tape.  Six replicates were imaged for each sample and the 
average and standard deviation of the thickness of the coating were reported. 
Static Surface Water Contact Angle 
Static contact angle of nanopure water was measured on nine areas per sample 
using the sessile drop technique on an Attension Theta optical tensiometer (Biolin 
 16 
 
Scientific, Stockholm, Sweden) and analysis was performed by fitting drops with a 
Young-Laplace formula using the Theta Software to calculate the average static contact 
angles.  Three replicate measurements were acquired for each sample and the average 
and standard deviation of static water contact angle were reported. 
Atomic Force Microscopy 
AFM images were taken with MFP-3D-BIO AFM system (Asylum Research, 
Santa Barbara, CA) under ambient conditions in air using standard silicon tips (VISTA 
probes, T190 - 25, resonance constant: 190 kHz, tip radius: ~ 10 nm, spring constant: 48 
N/m).  Three replicates were imaged for each sample and the average and standard 
deviation of the Rrms roughness were reported. 
Synthesis of 4-[Oxy(tri(ethylene glycol))]-2,3,5,6-tetrafluorostyrene 
  To a 500 mL three-necked round-bottom flask equipped with a magnetic stir 
bar was added 60 wt% sodium hydride dispersion in oil (2.33 g, 62.0 mmol).  The 
flask was purged with N2 and lowered into an ice bath.  Into the flask was added 
dropwise THF (200 mL), followed by an addition of a solution of triethylene glycol 
(TrEG) (23.2 g, 155 mmol) in THF (50 mL).  PFS (10.0 g, 51.5 mmol) was then 
added dropwise into the solution.  The solution was allowed to warm to room 
temperature and stirred for 16 h.  The solution was concentrated in vacuo and the 
resulting oil was dissolved in dichloromethane (100 mL) before being washed with 
brine (3 x 100 mL).  The organic fraction was dried with anhydrous MgSO4, filtered 
and  concentrated in vacuo.  The product was isolated using flash chromatography 
with 10% methanol in dicloromethane as the eluent (yield: 63%).  
1
H NMR (300 
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MHz, CDCl3, ppm,): δ 6.60 (dd, J = 18 Hz and 12 Hz, 1H,  H(H)C=CH-R (cis)) , 
6.00 (d, J = 18 Hz, 1H, H2C=CH-R), 5.61 (d, J = 12 Hz, 1H, H(H)C=CH-R (trans)), 
4.36 (t, J = 5 Hz, 2H, TFSOCH2CH2O), 3.82 (t, J = 5 Hz, 2H, OCH2CH2OH), 3.75-
3.55 (m, 8H, OEG Hs).  
13
C NMR (75 MHz, CDCl3, ppm): δ 146.6, 143.3, 142.8, 
139.4, 136.3, 122.2, 122.0, 110.8, 74.1, 70.8, 70.7, 70.2, 68.8, and 64.9 .  
19
F NMR 
(282 MHz, CDCl3, ppm): δ -145 (m, Ar ortho- Fs), -158 (m, Ar meta- Fs).  HRMS 
(m/z): calculated for C14H16F4O4 [M+H]
+
 325.11; found 325.1063.  FTIR (cm
-1
): 
3600–3200, 3050–2750, 1680–1590, 1550–1390, 1360, 1290, 1250, 1200–1000, 960, 
940, 880, 850. 
Synthesis of 4-[Oxy(tri(ethylene glycol)bromoisopropionyl)]-2,3,5,6-
tetrafluorostyrene 
  To a 500 mL three-neck round-bottom flask equipped with a magnetic stir bar 
containing triethylamine (7.70 mL, 55.5 mmol) in THF (250 mL) was added 4-
[oxy(tri(ethylene glycol))]-2,3,5,6-tetrafluorostyrene (5.00 g, 15.4 mmol).  The flask 
was purged with N2 and lowered into an ice bath.  2-Bromoisopropionyl bromide 
(4.00 g, 18.5 mmol) was added dropwise into the flask.  The solution was allowed to 
warm to room temperature and stirred for 16 h.  The reaction mixture was filtered 
and concentrated in vacuo and dissolved in dichloromethane (250 mL).  The solution 
was washed with deionized water (4 x 250 mL) and the organic layer was dried over 
MgSO4.  The solution was filtered and concentrated in vacuo.  The product was 
isolated using flash chromatography with 30% ethyl acetate in hexanes as the eluent 
(yield: 79%).  
1
H NMR (300 MHz, CDCl3, ppm,): δ 6.61 (dd, J = 18 Hz and 12 Hz, 
 18 
 
1H, H(H)C-CH-R (cis)) , 6.02 (d, J = 18Hz, 1H, H2C=CH-R), 5.62 (d, J = 12 Hz, 
1H, H(H)C-CH-R (trans)), 4.39 (q, J = 7 Hz, 3H, CHBrCH3), 4.37 (t, J = 5 Hz, 2H, 
TFSOCH2CH2O), 4.31 (t, J = 5 Hz, 2H, OCH2CH2OOC), 3.83 (t, J = 5 Hz, 2H, 
TFSOCH2CH2O), 3.80-3.60 (m, 6H, OEG Hs), 1.81 (d, J = 7 Hz, 3H, CHBrCH3).  
13
C NMR (75 MHz, CDCl3, ppm): δ 170.9, 146.6, 143.3, 142.8, 139.3, 136.3, 122.2, 
122.0, 110.8, 74.1, 70.8, 70.6, 70.1, 68.8, 64.6, 55.6, and 30.5.  
19
F NMR (282 MHz, 
CDCl3, ppm): δ -145 (m, Ar ortho- Fs), -158 (m, Ar meta- Fs).  HRMS (m/z): 
calculated for C17H19BrF4O5 [M+H]
+
 459.02; found 459.0430.  FTIR (cm
-1
): 3070–
2750, 1740, 1640, 1550–1310, 1220, 1190–1000, 965, 935, 855, 760, 675.     
Synthesis of Hyperbranched Fluoropolymers 
 To a 250 mL flame-dried Schlenk flask containing a magnetic stir bar was added  
4-[oxy(tri(ethylene glycol))bromoisopropionyl]-2,3,5,6-tetrafluorostyrene (2.00 g, 4.36 
mmol), PFS (1.70, 8.71 mmol), CuBr (62.5 mg, 0.44 mmol), 2,2’-bipyridine (150 mg, 
0.96 mmol) and anisole (5 mL).  The solution was deoxygenated via three freeze-pump-
thaw cycles before being backfilled with N2.  The Schlenk flask containing the 
deoxygenated solution was then lowered into an oil bath set at 65 °C and the reaction 
was allowed to proceed for 20 h.  The polymerization was quenched by submerging the 
flask in liquid nitrogen and exposing the reaction mixture to air.  After the reaction 
mixture had thawed, the contents were poured into dichloromethane (20 mL).  The 
solution was then passed through an alumina column to remove the catalyst and 
concentrated in vacuo.  The polymer was precipitated in cold hexanes (3x) to afford a 
white powder (47% yield).  
1
H NMR (300 MHz, CDCl3, ppm): δ 4.45-4.20 (m, 
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TFSOCH2CH2O and CH2CH2OOC), 3.90-3.60 (m, OEG Hs), 2.80-1.50 (m, CH2CH 
backbone), 1.30=0.85 (br, CCH3).  
13
C NMR (75 MHz, CDCl3, ppm):   176.6, 144.7, 
140.7, 137.6, 122.2, 114.7, 74.3, 70.8–70.0, 68.8, 63.6, 41.7–32.1, 30.7–29.7, 24.7.  19F 
NMR (282 MHz, CDCl3, ppm):  -143 (br, Ar ortho- Fs), -156 (br, Ar para- F), -161 
(br, Ar meta- Fs).  FTIR (cm
-1
): 3050–2790, 1740, 1645, 1575–1400, 1360, 1320–1190, 
1185–1010, 955, 860, 785–710.  Elemental Analysis: calculated for C1874H1132F946Br34: 
C, 48.03; H, 2.43; F, 38.35; Br, 5.80%. Found: C, 48.22; H, 3.01; F, 30.68; Br, 10.10%.  
Mw
GPC
 = 46,900 Da, Mn
GPC
 = 28,300 Da, Mw/Mn = 1.66.  DSC: Tg = 60 °C.  TGA in Ar:  
30-200 °C, 0% mass loss; 200-300 °C, 9% mass loss; 300-400 °C, 42% mass loss; 400-
500 °C, 78% mass loss; 22% mass remaining above 500°C.   
Application of Interseal
®
 670 HS Epoxy-based Undercoat on Microscope Glass 
Slides  
Component A and component B of Interseal
®
 670 HS were added into a plastic 
beaker in an 8:1 ratio and mixed until homogenous to form a viscous epoxy solution.  15 
microscope glass slides were placed in a specialty custom aluminum mold to help hold 
the microscope glass slides in place while the homogenous epoxy was coated on the 
microscope glass slides via a draw down method.  The draw down method entails 
homogeneous epoxy (3 mL) being deposited at the top of each microscope glass slide 
and a roller being used to roll the epoxy down the microscope glass slides.  The 
Interseal
®
 670 HS epoxy-based undercoat covered microscope glass slides were cured at 
room temperature under N2 for 24 h.   
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General Procedure for the Application of Terpolymer Coating onto Interseal
®
 670 
HS Epoxy-based Undercoat Covered Microscope Glass Slides 
To a 40 mL scintillation vial was added HBFP (72.0 mg, 0.00154 mmol), 
poly(ethylene glycol) bis(3-aminopropyl) terminated (Mn = 1,500 Da) (144 mg, 0.0960 
mmol), poly(dimethylsiloxane) bis(3-aminopropyl) terminated (Mn = 2,000 Da) (36.0 
mg, 0.0144 mmol), THF (10 mL) and N,N-diisopropylethylamine (DIPEA) (28.5 mg, 
0.0144 mmol).  The mixture was sonicated until all contents were dissolved to form a 
homogenous terpolymer formulation solution.  Double-sided tape was used to adhere the 
Interseal
®
 670 HS epoxy covered microscope glass slides on a piece of card board with 
the epoxy facing up.  The terpolymer formulation was applied on the Interseal
®
 670 HS 
epoxy-based undercoat covered microscope glass slides using an airbrush applicator 
with an application pressure of 50 psi from a distance of approximately 15 cm.  Multiple 
airbrush passes were made over the slides with the applicator with a one minute rest 
between every two passes until the solvent had evaporated.  The slides were then cured 
in an oven at 110 ºC for 45 minutes under N2 atmosphere. 
SEM Sample Preparation of Terpolymer Coating and Interseal
®
 670 HS Epoxy-
based Undercoat on a Microscope Glass Slide 
The coated slide of interest was submerged in liquid nitrogen until boiling was no 
longer observed.  The sample was then rapidly removed from the liquid nitrogen with a 
pair of tweezers and sandwiched perpendicularly between two glass slides with the 
coated side of the sample facing the bottom glass slide.  A Glascribe
®
 tungsten carbide 
tipped pen was used to score the back of the coated slide using the top glass slide as a 
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straight edge.  A large pair of tweezers was used to gently tap and cleave the scored-off 
portion of the coated slide from the bulk coated slide.  The previous process to this point 
was repeated until a sample of approximately 1cm x 1cm was obtained.  The sample was 
placed in a light N2 stream to remove any glass dust and particulates.  All samples were 
sputter coated with either a 20 nm layer of gold or a 5 nm layer of 80% platinum/20% 
palladium.  Samples were mounted perpendicular to the secondary electron detector 
using conductive carbon tape. 
Preparation of Terpolymer Films for AFM, IR, and Static Water Contact Angle 
Nine terpolymer films on Interseal
®
 670 HS epoxy covered microscope glass 
slides were prepared by airbrush application method.  The coatings were divided into 
three batches (3 coatings/batch).  The first, second and third batch were immersed in 
synthetic seawater for 0 h, 24 h and 1 week, respectively.  The coatings were then 
characterized. 
Preparation of Terpolymer Films for Soxhlet Extraction 
Terpolymer formulation solution was drop casted on a microscope glass slide and 
a thick film was formed upon evaporation of the THF solvent.  The film was peeled off 
the microscope glass slide with a pair of tweezers and cut into nine (1 cm x 1 cm) pieces.  
The nine pieces of films were divided into three batches (3 films/batch).  The first, 
second and third batch were immersed in synthetic seawater for 0 h, 24 h and 1 week, 
respectively.  After being subjected to seawater immersion for the planned duration of 
time, the films were rinsed with nanopure water and dried using a vacuum oven at room 
temperature for 24 h. 
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Soxhlet Extraction of Terpolymer Films 
Each batch of films prepared from drop casting was pre-weighed and inserted 
into 3 separate paper thimbles.  Each paper thimble containing one batch of coatings was 
inserted into a Soxhlet apparatus that was attached to a 500 mL round-bottom flask 
containing a stir bar and THF (250 mL).  A condenser was attached onto the top of the 
Soxhlet apparatus with water flowing through the condenser.  The Soxhlet experiment 
setup was lowered into an oil bath set at 80 °C until the bottom half of the round-bottom 
flask was immersed in oil.  Aluminum foil was used to surround the top half of the 
round-bottom flask and the Soxhlet apparatus and the Soxhlet extraction experiment was 
allowed to take place for 24 h.  The films were removed from the paper thimble and 
dried in a vacuum oven at room temperature for 24 h before being weighed.  The 
solution of extracted contents in THF in the round-bottom flask was concentrated in 
vacuo and the extracted contents were identified with 
1
H NMR spectroscopy.     
2.3 Results and Discussion 
Hyperbranched fluoropolymer was synthesized as illustrated in Figure 2.1.  A 
precursor molecule was first prepared by reacting PFS with tri(ethylene glycol) via 
nucleophilic aromatic substitution.  The precursor was then reacted with 2-
bromopropionyl bromide to afford an inimer which was used to initiate the 
polymerization.  The inimier was copolymerized with PFS (67 mol%) using CuBr and 
2,2’-bipyridine by ATR-SCVCP to afford HBFP.  The afforded HBFP was analyzed 
with elemental analysis and was found to contain 10% bromine content.  The HBFP was 
crosslinked poly(ethylene glycol) bis(3-aminopropyl) terminated (200 wt% with respect 
 23 
 
to HBFP) and poly(dimethylsiloxane) bis(3-aminopropyl) terminated (50 wt% with 
respect to HBFP) to create terpolymer networks (Figure 2.2).    Although the bromine 
content of HBFP as measured by elemental analysis is approximately 10% less than the 
theoretical calculated bromine content needed to allow for 100% crosslinking of 
terpolymer coating with 200 wt% PEG and 50 wt% PDMS with respect to HBFP to take 
place, it is not expected for both terminal amine groups of PEG and PDMS to react with 
bromoalkyl end groups to form covalent bonds.  Therefore, the insufficient amount of 
bromoalkyl end groups does not pose a serious concern in the crosslinking of the 
terpolymer networks.   
 
 
Figure 2.1.  (A) Synthesis of inimer.  (B) Synthesis of HBFP. 
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Figure 2.2.  Synthesis of HBFP-PEG-PDMS terpolymer crosslinked network. 
 
 
 
 Previous experiments in the laboratory have shown that HBFP-PEG-PDMS 
terpolymer coatings delaminate off the substrates when submerged in water, therefore a 
new method has been developed in our laboratory to prevent delamination.
43
  A naval 
approved epoxy-based undercoat, Interseal
®
 670 HS, was used to covalently attach to the 
terpolymer coating to prevent delamination.  Interseal
®
 670 HS epoxy based undercoat 
was deposited onto microscope glass slides through a draw down method.  A 
formulation of the terpolymer coating with PEG (200 wt% with respect to HBFP) and 
PDMS (50 wt% with respect to HBFP) was prepared.  The formulation was deposited on 
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the Interseal
®
 670 HS epoxy-based undercoat covered glass slides by airbrush 
application method.  The overall wt% of each component was calculated and 
summarized in Table 2.1.  The overall wt% of HBFP, PEG,  and PDMS are 29%, 57%, 
and 14%, respectively. 
 
Table 2.1.  Overall wt% of each component in HBFP-PEG-PDMS terpolymer 
crosslinked network formed from 100 wt% HBFP, 200 wt% PEG, and 50 wt% PDMS. 
 HBFP PEG PDMS 
wt% 29 57 14 
 
 
 
 Microscope glass slides with Interseal
®
 670 HS epoxy-based undercoat and 
microscope glass slides with Interseal
®
 670 HS epoxy-based undercoat and terpolymer 
coating were cut so that the cross sections could be imaged by SEM (Figure 2.3).  The 
thickness of Interseal
®
 670 HS epoxy-based undercoat and coating was measured using 
SEM images of the cross sections.  The Interseal
®
 670 HS epoxy-based undercoat could 
be easily identified on SEM and was measured to be approximately 250 µm (Table 2.2).  
The terpolymer coating was measured to be approximately 1 µm.  However, the 
differentiation of the Interseal
®
 670 HS epoxy-based undercoat and terpolymer coating 
was not apparent.  Therefore, we have also deposited the terpolymer formulation on a 
naked microscope glass slide using the same airbrush techniques to formed terpolymer 
coatings and measured the thickness to be approximately 1 µm which was in agreement 
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to the measure thickness of the terpolymer coating on the Interseal
®
 670 HS epoxy-based 
undercoat. 
 
 
Figure 2.3.  SEM image of Interseal
®
 670 HS epoxy-base undercoat on a microscope 
glass slide (left) and SEM image of terpolymer coating on Interseal
®
 670 HS epoxy base 
undercoat (right).   
 
 
 
Table 2.2.  Thicknesses of Interseal
®
 670 HS epoxy-base coating and HBFP-PEG-
PDMS terpolymer coating. 
Formulation Thickness (µm) 
Interseal
®
 670 HS epoxy-based undercoat 250 ± 2 
HBFP-PEG-PDMS terpolymer coating 1.1 ± 0.4 
 
  
 The crosslinking efficiency and stability of the HBFP-PEG-PDMS terpolymer 
network are concerns since the overall wt% of PEG and PDMS in this network is much 
greater than in any of the previous networks that have been generated in our laboratory.  
Therefore, it was of our interest to investigate the crosslinking efficiency and stability of 
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the terpolymer network.  A series of experiments was designed in which the HBFP-
PEG-PDMS terpolymer networks were immersed in synthetic seawater for 0 d (dry), 1 d 
and 1 wk and were characterized by AFM, ATR-FTIR and tensiometer and the results 
were compared.  The data from 0 d immersion and 1 d immersion would give 
information of any dynamic reorganization occurring during the one day synthetic sea 
water immersion and allow for chemicals such as DIPEA to leach out of the coating 
while the data from 1 wk immersion would provide preliminary data on the change in 
surface over a function of time.   
 AFM was used to investigate the surfaces of dry, 1 d immersed, 1 wk immersed, 
and Interseal
®
 670 HS epoxy-based undercoat (Figure 2.4).  The Interseal
®
 670 HS 
epoxy-based undercoat prepared on a microscope glass slide by draw down method 
resulted in a surface with Rrms roughness of 110 nm.  As the HBFP-PEG-PDMS 
terpolymer formulation was deposited on the Interseal
®
 670 HS epoxy-based undercoat, 
distinctive topographical features were apparent and the Rrms roughness was increased.  
The terpolymer coatings displayed a slight increase in Rrms roughness when immersed in 
synthetic water for 1 d and a slightly higher increase in Rrms roughness when immersed 
in synthetic seawater for 1 wk.  Overall, the slight increase in Rrms roughness was 
insignificant and the increase in Rrms roughness could be due to remaining salt residues 
from the synthetic seawater. 
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Figure 2.4.  AFM images for Interseal
®
 670 HS epoxy-base undercoat (top left) and 
HBFP-PEG-PDMS terpolymer networks that were immersed in synthetic seawater for 0 
d (top right), 1 d (bottom left), and 1 wk (bottom right).  The average Rrms of three 
regions were reported with each image.  Field of view for AFM renderings is 100 µm
2
 
with a 100 nm z-scale.   
 
 
 
 The terpolymer surfaces were analyzed with ATR-FTIR and the IR spectra of 
coatings when immersed in 0 d, 1 d, and 1 wk showed little to no changes in the 
functional groups of the coatings (Figure 2.5).  The static water contact angle of 
coatings when immersed in 0 d, 1 d, and 1 wk also remained constant at approximately 
105°.  The minimal change in IR spectra and static water contact angle suggests that the 
coatings were stable for at least a week.   
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Figure 2.5.  IR spectra of HBFP-PEG-PDMS terpolymer networks that were immersed 
in synthetic seawater for 0 d (top), 1 d (middle), and 1 wk (bottom).  The average static 
water contact angles of nine regions per sample were also reported.     
 
 
 
Soxhlet extraction using THF as solvent was also performed on the terpolymer 
coatings when immersed in 0 d, 1 d, and 1 wk to probe the stability and crosslinking of 
the terpolymer coatings (Figure 2.6).  It is noted that the Interseal
®
 670 HS epoxy-base 
undercoat delaminates off the microscope glass slides and breaks into smaller pieces 
when immersed in THF.  Therefore, the terpolymer coatings were prepared by drop cast 
method of the terpolymer formulation on microscope glass slides.  The terpolymer was 
peeled off the microscope glass slides and cut into 1 cm x 1 cm pieces, weighed and 
subjected to Soxhlet extraction in THF.  All coatings were still intact and resulted in a 
10% mass loss after Soxhlet extraction.  The solution containing the extracted contents 
was evaporated and the extracted contents were analyzed by 
1
H NMR spectroscopy.  
There was no presence of HBFP, PEG, or PDMS in the extracted contents which 
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suggests that the polymers have had either formed a crosslinked network or have strong 
interactions with one another.  A majority of extracted contents was identified to be 
butylated hydroxytoluene (BHT) which was an inhibitor included in the bottle of PFS.  It 
was possible that BHT was trapped in the terpolymer network because of its low 
solubility in water, and it was only extracted during Soxhlet extraction in THF.
61
 
 
 
Figure 2.6.  
1
H NMR spectra of extracted contents from Soxhlet extraction of HBFP-
PEG-PDMS terpolymer networks that were immersed in synthetic seawater for 0 d (top), 
1 d (middle), and 1 wk (bottom).     
 
 
2.4 Conclusions 
In order to further improve the anti-fouling properties of the HBFP-PEG-PDMS 
terpolymer coatings by increasing the amount of each polymer component or adding 
new polymer components, the stability and crosslinking efficiency of the higher 
 31 
 
crosslinked HBFP-PEG-PDMS terpolymer coatings must be investigated.  Experiments 
were designed to test for the stability and crosslinking efficiency of the HBFP-PEG-
PDMS terpolymer coatings.  HBFP was synthesized by ATR-SCVCP to afford 
bromoalkyl end groups that can be crosslinked with PEG and PDMS to produce HBFP-
PEG-PDMS terpolymer coatings.  The HBFP-PEG-PDMS terpolymer coating with the 
formulation of HBFP, PEG (200 wt% relative to HBFP), and PDMS (50 wt% relative to 
HBFP) was prepared on an Interseal
®
 670 HS epoxy-base undercoat to prevent 
delamination of the terpolymer coating from the microscope glass slide when immersed 
in water.  The airbrush application allows for rapid preparation of minimal materials 
needed to coat the slide.   
Stability of the HBFP-PEG-PDMS terpolymer coatings that were immersed in 
synthetic seawater for 0 d, 1 d, and 1 wk were investigated using AFM, ATR-FTIR and 
tensiometer and the data suggest that the terpolymer coatings were still stable after a 
week of immersion in synthetic seawater.  Soxhlet extraction of the HBFP-PEG-PDMS 
terpolymer coatings that were immersed in synthetic seawater for 0 d, 1 d, and 1 wk 
confirmed that the coatings were stable after a week of immersion in synthetic seawater.  
The coatings that were immersed in synthetic seawater for 0 d, 1 d, and 1 wk were still 
intact after being subjected to Soxhlet extraction experiment with only 10% mass loss in 
which the majority of the mass loss was attributed to the loss of BHT. 
The investigations in the crosslinking efficiency and stability of the HBFP-PEG-
PDMS terpolymer coating with the formulation of HBFP, PEG (200 wt% relative to 
HBFP), and PDMS (50 wt% relative to HBFP) has confirmed that the coating is stable 
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with the increased linear polymer contents.  This confirmation allows for more future 
modifications in the terpolymer formulation in order to improve the anti-fouling 
properties of the system.  
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CHAPTER III  
CHARACTERIZATION AND ANTI-FOULING PERFORMANCES OF 
CROSSLINKED, FLUORINATED-ZWITTERIONIC-SILSESQUIOXANE TERNARY 
COATINGS
†
 
3.1 Introduction 
The majority of current anti-fouling treatments on ship hulls consists of the 
utilization of biocide formulations, in which copper oxide was chosen predominantly as 
the biocide.
62-64
 However, the choice of using copper oxide as the biocide has been 
heavily criticized for posing detrimental effects similar to the recently banned TBT AF 
paints.
41,63-67
  Instead of incorporating biocides in anti-fouling formulations to form 
ablative coatings, considerable efforts have been spent in investigating in non-ablative 
anti-biofouling coatings as an environmentally-benign ship hull coating.
14,38,68
  In 
particular, amphiphilic polymeric systems that present a variation of chemical 
complexities, roughness, and energy on the surface have been explored and shown to 
prevent the settlement on marine organisms.
14,50,69-73
    
Some of the most commonly used materials in amphiphilic systems include 
fluorinated polymers, siloxanes polymers, zwitterionic polymers, and PEG.
3,14,45,68,69,74-78
  
Our laboratory had well documented a highly complexed binary coating formed by 
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crosslinking hyperbranched fluoropolymer with PEG, in which the resultant HBFP-PEG 
coating undergoes dynamic reorganization when immersed in water presenting 
chemically complex composition and roughness on the surface.
46,48,57-60,79
  To further 
increase the complexity in the system, a third component PDMS has been added into the 
binary system to form a terpolymer AF system of HBFP-PEG-PDMS.
50
  Although the 
HBFP-PEG-PDMS terpolymer system has been shown to have great initial anti-fouling 
performances in both laboratory and field testing, the synthesis of HBFP involves 
multiple steps.
43
  Therefore, there is a desire to explore other methods and chemistries to 
generate amphiphilic systems. 
Thiol-ene click chemistry has been employed by many researchers as a robust 
and efficient method to couple materials together.
80-84
  As amphiphilic zwitterionic 
surfaces have shown to have great anti-fouling performances, a novel amphiphilic 
ternary system consisting of silsesquioxane (POSS), amphiphilic fluorinated small 
molecule (AFSM) and zwitterionic small molecules (ZSM) has been designed.
43,85,86
  
The design involves utilizing thiol-ene click chemistry to form amphiphilic zwitterionic 
ternary networks with multi-functional thiol POSS and varying stoichiometric molar 
ratios of AFSM that possesses two alkene end groups and varying stoichiometric molar 
ratios of ZSM that has one alkene end group.  Herein, we used thiol-ene click chemistry 
to form networks that combines the merits of both zwitterionic and amphiphilic 
properties.  Previous studies were performed on a series of ternary coatings with 
different molar ratio of POSS, AFSM and ZSM prepared by drop cast method.
43
  The 
studies provided information that increasing the amounts of zwitterions in the system 
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decreases the static water contact angle and compressive module value of the coatings.  
Previous in-house anti-fouling experiments with Ulva have also shown that the ternary 
coatings have potential for anti-fouling applications.  Therefore, it is of our interest to be 
able to generate the coatings rapidly in a larger scale and study the anti-fouling 
properties against a wider range of marine organisms.  The same series of ternary 
coatings were prepared by airbrush application and sent to collaborators at Newcastle 
University to probe the anti-fouling performances with Ulva linza, diatoms and barnacle 
cyprids.    
3.2 Experimental Section 
Materials 
All chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, MO) 
and used without further purification unless otherwise noted.  PFS was purchased from 
Oakwood Chemical (West Columbia, SC) and filtered through neutral alumina to 
remove inhibitor prior to use.  Thiopropyl T8/T10 silsesquioxane was purchased as a 1:1 
mixture of isomers from Mayaterials Inc (Ann Arbor, MI).  Microscope glass slides (75 
mm x 25 mm x 1 mm) were purchased from VWR (Radnor, PA).  Synthetic seawater 
was purchased from Ricca Chemical Company (Arlington, TX).  Central Pneumatic mini 
air compressor with airbrush and hose (120 VAC/ 60 Hz, 1/5 HP, 1750 RPM, 30 PSI 
Working Air Pressure, Air Outlet: 1/8” – 27 NPT, Item 95830) were purchased from 
Harbor Freight Tools (Los Angeles, CA).  Glascribe tungsten carbide tipped pen was 
purchased from Ted Pella, Inc (Redding, CA).   
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Nuclear Magnetic Resonance Spectroscopy 
1
H NMR, 
13
C NMR NMR and 
19
F NMR spectra were recorded on a Varian Inova 
300 (Varian Inc., Palo Alto, CA) interfaced to a UNIX computer using VnmrJ software.  
1
H NMR and 
13
C NMR were analyzed using the solvent signal as an internal reference. 
High-resolution Mass Spectrometry 
  HRMS for the monomers was conducted on an Applied Biosystems PE 
SCIEX QSTAR.   
Attenuated Total Reflectance-Flourier Transform Infrared Spectroscopy 
ATR-FTIR spectra were recorded using an IR Prestige 21 system (Shimadzu 
Corp., Kyoto, Japan) attached with PIKE MIRacle™ ATR and diamond crystal and 
analysis was performed using IRsolution v. 1.40 software.   
Scanning Electron Microscopy 
SEM images were imaged using TESCAN VEGA3 SEM.  All samples were 
sputter coated with either a 20 nm layer of gold or a 5 nm layer of 80% platinum/20% 
palladium. Samples were mounted perpendicular to the secondary electron detector 
using conductive carbon tape.  Six replicates were imaged for each sample and the 
average and standard deviation of the thickness of the coating were reported. 
Static Surface Water Contact Angle 
Static contact angle of nanopure water was measured on nine areas per sample 
using the sessile drop technique on an Attension Theta optical tensiometer (Biolin 
Scientific, Stockholm, Sweden) and analysis was performed by fitting drops with a 
Young-Laplace formula using the Theta Software to calculate the average static contact 
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angles.  Three replicate measurements were acquired for each sample and the average 
and standard deviation of the static water contact angle were reported. 
Synthesis of 1,2-Bis(2-(2,3,5,6-tetrafluoro-4-vinylphenoxy)ethoxy)ethane 
To a 500 mL three-necked round-bottom flask equipped with a magnetic stir bar 
was added 60 wt% sodium hydride dispersion in oil (2.66 g, 66.6 mmol).  The flask was 
purged with N2 and lowered into an ice bath.  Into the flask was added dropwise THF 
(200 mL), followed by addition of a solution of triethylene glycol (4.00 g, 26.6 mmol) in 
THF (50 mL).  PFS (15.5 g, 79.8 mmol) was then added dropwise into the solution.  The 
solution was allowed to warm to room temperature and stirred for 16 h.  The solution 
was concentrated in vacuo and the resulting oil was dissolved in dichloromethane (100 
mL) before being washed with brine (3 x 100 mL).  The organic fraction was dried with 
anhydrous MgSO4, filtered and concentrated in vacuo.  The product was isolated using 
flash chromatography with 10% methanol in dicloromethane as the eluent (yield: 
65.7%).  
1
H NMR (300 MHz, CDCl3, ppm,): δ 6.62 (dd, J = 18 Hz and 12 Hz, 2H, 
H(H)C=CH-R (cis)) , 6.03 (d, J = 18 Hz, 2H, H2C=CH-R), 5.63 (d, J = 12Hz, 2H, 
H(H)C=CH-R (trans)), 4.37 (t, J = 5 Hz, 4H, TFSOCH2CH2O), 3.83 (t, J = 5 Hz, 4H, 
TFSOCH2CH2O), 3.70 (s, J = 5 Hz, 4H, TFSOCH2CH2OOCH2).  
13
C NMR (75 MHz, 
CDCl3, ppm): δ 146.1, 144.0, 142.1, 140.2, 136.5, 122.1, 110.7, 74.2, 71.0, 70.3.  
19
F 
NMR (282 MHz, CDCl3, ppm): δ -147 (m, Ar ortho- Fs), -159 (m, Ar meta- Fs).  
HRMS (m/z): calculated for C22H18F8O4 [M+H]
+
 499.11; found 499.1135.  FTIR (cm
-1
): 
2941, 2875, 1869, 1739, 1697, 1647, 1485, 1454, 1427, 1406, 1365, 1354, 1330, 1290, 
1246, 1151, 1118, 1078, 1030, 1018, 966, 931, 856, 783, 753, 711. 
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Synthesis of 3-(Dimethyl(vinyl)ammonio)propane-1-sulfonate 
To a dry 250 mL round-bottom flask was added N,N-dimethylallylamine (10.0 g, 
115 mmol), 1,3-propane sultone (17.2 g, 138 mmol) and acetone (100 mL).  The solution 
was stirred for 14 h overnight.  The product was collected by centrifugation and washed 
with acetone (100 mL).  The product was dried in vacuo to afford a white powder (yield: 
94%).  
1
H NMR (300 MHz, CDCl3, ppm,): δ 5.92 (dd, 1H, H(H)C=CH-R (cis)), 5.62 (d, 
2H, H2C=CH-R, H(H)C=CH-R (trans)), 3.92 (d, J = 7 Hz, 2H, CH2=CHCH2N), 3.34 
(m, 2H, NCH2CH2CH2S), 2.95 (s, 6H, (CH3)2-N), 2.83 (t, J = 7 Hz, 2H, CH2CH2S), 2.15 
(m, 2H, NCH2CH2CH2S).  
13
C NMR (75 MHz, CDCl3, ppm): δ 129.3, 124.2, 66.4, 62.0, 
50.0, 47.3, 18.2. HRMS (m/z): calculated for C8H17NO3S [M+H]
+
 208.10; found, 
208.0994.  FTIR (cm
-1
): 3030, 3010, 2970, 2230, 1649, 1485, 1465, 1448, 1431, 1419, 
1398, 1348, 1321, 1292, 1238, 1203, 1180, 1134, 1111, 1064, 1033, 1006, 958, 933, 
908, 844, 794, 763, 750, 655. 
Silanization of Microscope Glass Slides 
Microscope glass slides were cleaned in an ultraviolet (UV) ozone cleaner for 20 
min.  The slides were then soaked in a solution of allyltrimethylsilane (0.5 wt%) in 300 
mL ethanol.  The slides were then taken out of the solution and cured in an oven at 120 
ºC for 18 h. 
General Procedure for Application of Ternary Coating Formulation onto Silanized 
Microscope Glass Slides 
To a 40 mL scintillation vial was added POSS (100 mg, 0.079 mmol), 1,2-bis(2-
(2,3,5,6-tetrafluoro-4-vinylphenoxy)ethoxy)ethane (157 mg, 0.32 mmol), 3-
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(dimethyl(vinyl)ammonio)propane-1-sulfonate (16 mg, 0.077 mmol), 2,2-dimethoxy-2-
phenylacetophenone (DMPA) (54 mg, 0.21 mmol) 1,4-dioxane (9 mL) and water (1 
mL).  The mixture was vortexed for 1 min until all contents were dissolved.  Double-
sided tape was used to adhere silanized microscope glass slides on a piece of card board.  
The coating formulation was applied on the silanized microscope glass slides using an 
airbrush applicator with an application pressure of 50 psi from a distance of 
approximately 15 cm.  Multiple airbrush passes were made over the slides with the 
applicator with a 1 min rest between every two passes until the solvent has evaporated.  
The coatings were then cured in a UV chamber at 365 nm for 3 h. 
SEM Sample Preparation of Ternary Coatings on a Silanized Microscope Glass 
Slide to Measure Thickness of Coating 
The coated slide of interest was submerged in liquid nitrogen until boiling was no 
longer observed.  The sample was then rapidly removed from the liquid nitrogen with a 
pair of tweezers and sandwiched perpendicularly between two glass slides with the 
coated side of the sample facing the bottom glass slide.  A Glascribe
®
 tungsten carbide 
tipped pen was used to score the back of the coated slide using the top glass slide as a 
straight edge.  A large pair of tweezers was used to gently tap and cleave the scored-off 
portion of the coated slide from the bulk coated slide.  The previous process to this point 
was repeated until a sample of approximately 1cm x 1cm was obtained.  The sample was 
placed in a light N2 stream to remove any glass dust and particulates.  All samples were 
sputter coated with either a 20 nm layer of gold or a 5 nm layer of 80% platinum/20% 
palladium.  Samples were mounted perpendicularly to the secondary electron detector 
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using conductive carbon tape.  The thickness of the each coating was measured at six 
different areas and the average and standard deviation were reported. 
Biofilm Development to Study the Attachment of the Green Alga Ulva linza to 
Pristine and Biofilmed Coatings 
Biofilms were cultured and visualized using similar methods as reported in the 
literature.
87
  Pristine coatings were equilibrated for 2 h in 0.22 μm filtered artificial 
seawater immediately prior to testing while biofilmed coatings were immersed in natural 
seawater for 3 weeks during biofilm development.  In order to develop biofilm on 
coatings, the coated glass slides were placed in clean glass dishes (10 per dish) and filled 
with course filtered natural seawater (200 mL).  The dishes were incubated at room 
temperature on an orbital shaker at 50 rpm.  The seawater was refreshed every 2 d over a 
three-week period.   Bacterial cells were visualized by staining with the fluorescent stain 
Syto 13 (5 µM).  Cell counts were made for 30 fields of view (each 0.15 mm
2
) on each 
of three replicate slides. 
Settlement of Ulva linza Zoospores  
Zoospores were obtained from mature plants of Ulva linza by the standard 
method.
88
  A suspension of zoospores (10 mL; 1x10
6
 spores mL
-1
) was added to 
individual compartments of quadriPERM dishes containing the samples.  After 45 min in 
darkness at 20 °C, the slides were washed by passing 10 times through a beaker of 
seawater to remove unsettled (i.e. swimming) spores.  Slides were fixed using 2.5% 
glutaraldehyde solution in seawater.  The density of zoospores attached to the surface 
was counted on each of the three replicate slides using an image analysis system attached 
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to a fluorescence microscope.  Spores were visualized by autofluorescence of 
chlorophyll.  Counts were made for 30 fields of view (each 0.15 mm
2
) on each slide. 
Growth of Ulva Linza Sporelings  
Spores were allowed to settle on the coatings for 45 minutes and then washed by 
passing 10 times through a beaker of seawater to remove unsettled (i.e. swimming) 
spores.  The spores were cultured using supplemented seawater medium for 7 d to 
produce sporelings (young plants) on 6 replicate slides of each treatment.  Sporeling 
growth medium was refreshed every 48 h.  Sporeling biomass was determined in situ by 
measuring the fluorescence of the chlorophyll contained within the sporelings in a Tecan 
fluorescence plate reader.  Using this method the biomass was quantified in terms of 
relative fluorescence units (RFU).  The RFU value for each slide is the mean of 70 point 
fluorescence readings taken from the central portion.  The sporeling growth data are 
expressed as the mean RFU of 6 replicate slides; bars show standard error of the mean.  
Strength of Attachment of Ulva Linza Sporelings  
Strength of attachment of sporelings was assessed using an impact pressure of 
175 kPa from a water jet sprayed across the central area of each slide.  Sporeling biomass 
was determined in situ by measuring the fluorescence of the chlorophyll contained 
within the sporelings in a Tecan fluorescence plate reader.  Using this method the 
biomass was quantified in terms of RFU.  The RFU value for each slide is the mean of 
70 point fluorescence readings taken from the central portion.  The sporeling growth data 
are expressed as the mean RFU of 6 replicate slides; bars show standard error of the 
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mean.  The percentage removal was calculated from readings taken before and after 
exposure to the water jet. 
Biofilm Development to Study the Attachment of Navicula Incerta and Balanus 
Amphitrite to Pristine and Biofilmed Coatings 
Biofilms were cultured and visualized using similar methods as reported in the 
literature.
87
  Pristine coatings were equilibrated for 2 h in 0.22 μm filtered artificial 
seawater immediately prior to testing while biofilmed coatings were immersed in natural 
seawater for 3 weeks during biofilm development.  In order to develop biofilm on 
coatings, coated glass slides were placed in clean glass dishes (10 per dish) and filled 
with course filtered natural seawater (200 mL).  The dishes were incubated at room 
temperature on an orbital shaker at 50 rpm.  The seawater was refreshed every 2 d over a 
three-week period.  Bacterial cells were visualized by staining with the fluorescent stain 
Syto 13 (5 mM).  Cell counts were made for 30 fields of view (each 0.15 mm
2
) on each 
of 3 replicate slides. 
Initial Attachment of Diatoms 
Navicula incerta cells were cultured in F/2 medium contained in 250 mL conical 
flasks.  After 3 d the cells were in log phase growth.  Cells were washed 3 times in fresh 
medium before harvesting and diluted to give a suspension with a chlorophyll a content 
of approximately 0.25 μg/ml.  Cells were settled on three pristine and three biofilmed 
coated slides of each sample in individual dishes containing 10 mL of suspension at ~20
 
°
C on the laboratory bench.  After 2 h the slides were exposed to 5 min of shaking on an 
orbital shaker (80 rpm) followed by a submerged wash in seawater to remove cells which 
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had not attached.  Samples were fixed in 2.5% glutaraldehyde solution, air dried and the 
density of cells attached to the surface was counted on each slide using an image analysis 
system attached to a fluorescence microscope.  Counts were made for 30 fields of view 
(each 0.15 mm
2
) on each slide.  
Strength of Attachment of Diatoms 
Navicula incerta cells were cultured in F/2 medium contained in 250 mL conical 
flasks.  After 3 d the cells were in log phase growth.  Cells were washed 3 times in fresh 
medium before harvesting and diluted to give a suspension with a chlorophyll a content 
of approximately 0.25 μg/ml.  Cells were settled on three pristine and three biofilmed 
coated slides of each sample in individual dishes containing 10 mL of suspension at ~20
 
°
C on the laboratory bench.  After 2 h the slides were exposed to 5 min of shaking on an 
orbital shaker (80 rpm) followed by a submerged wash in seawater to remove cells which 
had not attached.  Slides with attached cells were exposed to a shear stress of 25 Pa in a 
water channel.  Samples were fixed in 2.5% glutaraldehyde solution, air dried and the 
density of cells attached to the surface was counted on each slide using an image analysis 
system attached to a fluorescence microscope.  Counts were made for 30 fields of view 
(each 0.15 mm
2
) on each slide. 
Barnacle Culture for Assays 
Larvae were obtained from laboratory cultures of Balanus amphitrite 
(=Amphibalanus amphitrite).  B. amphitrite adults were shipped from the Duke 
University Marine Laboratory at Beaufort, North Carolina and kept in aerated aquaria in 
full salinity (35 ppt) artificial seawater (Tropic Marin), filtered to 10 μm and UV-
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sterilized.  They were fed daily with Artemia sp. and ad libitum with the chlorophyte 
Tetraselmis suecica.  To collect larvae, barnacles were removed from water overnight.  
On re-immersion, they released stage 1 nauplius larvae into the water and these were 
collected by attraction to a point light source.  Larvae were removed in batches to 
temporary storage in a solution of T. suecica.  Once 10, 000 larvae had been collected, 
they were transferred into 10 L buckets containing aerated artificial seawater.  B. 
amphitrite larvae were fed throughout with T. suecica and took between 4-5 d to 
metamorphose into cyprids, at which point they were filtered through a 250 μm mesh 
and stored for 3 d at 6 °C prior to use in assays. 
Barnacle Settlement Assays 
Surfaces in Quadriperm plates were allowed to air dry briefly prior to the assay, 
in order to allow deposition of a water droplet onto each surface.  A 1 mL drop of 0.22 
μm-filtered artificial seawater was applied to each slide and 20 3-day-old larvae were 
introduced.   Once all surfaces had larvae applied, the plates were closed and moved into 
a 28 ºC incubator.  Cyprids were allowed to settle for 48 h in the dark before the assay 
was removed and numbers of settled larvae were counted under a light microscope.  For 
analysis of settlement, numbers of settled larvae were expressed as a percentage of the 
total larvae per surface. 
3.3 Results and Discussion 
The ternary coatings were designed to be a three-component system consisting of 
POSS, AFSM, and ZSM.  POSS was explored as the added hydrophobic component in 
order to enhance the mechanical robustness of the resulting ternary coating.  POSS used 
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in this system was Thiopropyl T8/T10 silsesquioxane, which was a multifunctional resin 
containing an average of 9 thiol groups.  The strategy here is to utilize thiol-ene click 
chemistry to covalently attach other alkene-containing compounds to the thiol groups of 
POSS efficiently under UV light (Figure 3.1).  The AFSM and ZSM chosen for this 
ternary system were 1,2-bis(2-(2,3,5,6-tetrafluoro-4-vinylphenoxy)ethoxy)ethane and  
(Dimethyl(vinyl)ammonio)propane-1-sulfonate, respectively.  Besides being an AFSM 
that contains both oligoethylene oxides and fluorines, 1,2-bis(2-(2,3,5,6-tetrafluoro-4-
vinylphenoxy)ethoxy)ethane was selected because it possesses 2 alkene groups which 
allows for crosslinking with POSS to form a network.  Furthermore, 1,2-bis(2-(2,3,5,6-
tetrafluoro-4-vinylphenoxy)ethoxy)ethane was also a byproduct generated during the 
synthesis of HBFP as described in Chapter 2.  The ZSM 
(dimethyl(vinyl)ammonio)propane-1-sulfonate increases the hydrophilicity of the 
ternary coatings and water bound on the zwitterionic units may deter settlement of 
marine organisms.  Nucleophilic aromatic substitution was used to synthesize 1,2-bis(2-
(2,3,5,6-tetrafluoro-4-vinylphenoxy)ethoxy)ethane from PFS and TrEG (Figure 3.1-A) 
while ring-opening of sultone was used to synthesize dimethyl(vinyl)ammonio)propane-
1-sulfonate readily (Figure 3.1-B). 
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Figure 3.1.  (A) Synthesis of AFSM.  (B) Synthesis of ZSM.  (C) Preparation of 
fluorinated-zwitterionic-silsesquioxane ternary coatings. 
 
 
 
 Four different types of coatings (A, B, C, D) with varying stoichiometric molar 
ratios (Table 3.1) of AFSM and ZSM were generated by airbrush application on alkene-
silanized microscope glass slides.  POSS was held constant while varying the molar ratio 
of AFSM and ZSM to POSS.  Hypothetically, each AFSM molecule will covalently 
attach to 2 thiol groups via thiol-ene click chemistry.  Thus the formulation to generate 
coating A, which contains no ZSM, consists of 4.5 molar equivalences of AFSM per 
molar equivalence of POSS.  As the molar equivalences of ZSM increase as shown 
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going down Table 3.1 from Coating A through D, the molar equivalences of AFSM also 
decrease. 
 
Table 3.1.  Molar equivalences of each component in the ternary coatings.   
Coating POSS (eq) AFSM (eq) ZSM (eq) 
A 1 4.5 0 
B 1 4 1 
C 1 3.5 2 
D 1 3 3 
 
 
 
The deposition of the ternary coatings by airbrush application resulted in a thin 
layer of the coatings.  Although the coatings were visible to the naked eye, it was 
difficult to assess the thickness of the coatings.  Therefore, SEM was used to image the 
cross section of the ternary coatings and the thicknesses of the coatings were measured 
using the SEM images (Figure 3.2).  The thicknesses of the coatings range from 0.2 µm 
to 1.3 µm, with Coating A having the thinnest coating and Coatings B, C, and D having 
similar thicknesses (Table 3.2).  The thin coatings generated from Formulation A could 
attributed to Formulation A having the most AFSM and the increased crosslinking 
within the coating forming tighter, thinner coatings.  The presence of zwitterionic 
moieties in Coatings B, C and D also allows for water molecules to be trapped within the 
networks, thus increasing the thicknesses of the coatings.   
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Figure 3.2.  SEM images of ternary coatings A (top left), B (top right), C (bottom left) 
and D (bottom right).  Double headed arrows on images were used to measure the 
thicknesses of coatings.   
 
 
 
Table 3.2.  Thicknesses of ternary coatings measured using SEM images.  
Coatings Thickness (µm) 
A 0.5 ± 0.2 
B 0.8 ± 0.1 
C 1.0 ± 0.2 
D 0.8 ± 0.2 
 49 
 
Static water contact angle experiment was performed pre-water immersion and 
post-water immersion of the coatings to determine the wettability of the coatings (Table 
3.3).  Interestingly, while the water contact angles of the pre-immersed coatings followed 
an increasing trend as the amount of ZSM increased from Coatings A-C, Coating D had 
the highest water contact angle.  No specific trend in water contact angle of the post-
water immersed coatings was observed.  Coatings A and B also showed minimal change 
while Coatings C and D exhibited a change in static water contact angle between the dry 
and water-swollen states.  The increase in zwitterionic moieties in the coatings could 
attribute to this observation as the zwitterionic moieties could attract water molecules 
within the coatings causing dynamic surface reorganization.    
 
Table 3.3.  Summary of static water contact angle data for all coatings pre-water and 
post-water immersion.  Nine areas per coating were measured. 
Coating Pre-Water Immersion Post-Water Immersion 
A 64 ± 4º 64 ± 8º 
B 57 ± 7º 57 ± 7º 
C 54 ± 8º 62 ± 5º 
D 76 ± 9º 70 ± 5º 
 
 
The anti-fouling and fouling release performances of the ternary coatings were 
investigated with the following three marine organisms: Ulva linza, Navicula incerta, 
and Balanus amphitrite.  Colonization of a new surface has been reported to occur in 4 
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phases over an overlapping time sequence: biochemical conditioning, bacterial 
colonization, unicellular and, finally, multicellular eukaryont fouling.
30
  Bacteria and 
their biofilms can also influence fouling in various ways, in which some will enhance 
settlement, some will inhibit settlement and some will have no effect.
89
  With a mixed 
biofilm, the tendency is towards increasing settlement with increasing biofilm content.  
Therefore, it was in our interest to investigate how the presence of a biofilm on the 
ternary coatings influences the settlement and adhesion of fouling organisms on the 
ternary coatings.   
Biofilms were developed on ternary coatings in order to study the fouling 
behavior of Ulva on biofilmed vs. pristine ternary coatings.  The cell density of biofilms 
on the ternary coatings could not be evaluated due to autofluorescence of the ternary 
coatings.  Cell counts made on the glass slides indicated a bacterial density of 2466 cells 
/ mm
2
 (standard error 88 cells / mm
2
).  Biofilms were composed mostly of single cells 
interspersed with small colonies.  
Spore settlement density of Ulva linza was increased on all coatings by the 
presence of bacteria and the conditioning layer that had developed on their surfaces 
(Figure 3.3).  Spore settlement density on the ternary coatings was lower than on 
silanized glass and unmodified glass surfaces.  This indicates that the bacteria and 
conditioning film that developed on the glass surfaces were highly attractive to the 
spores.  On the ternary coatings, either the type of bacteria/conditioning film or the 
density of the layer was not sufficient to show this effect.  Either way, the implication is 
that the ternary coatings were more resistant to the effects of the biofilm than the 
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silanized glass and unmodified glass surfaces.  Biomass generation (Figure 3.4) on all 
coatings broadly reflected the spore settlement densities described above (Figure 3.3).  
Sporeling growth appeared normal on all coatings with no signs of toxicity (Figure 3.5).  
 
 
Figure 3.3.  The densities of attached spores on biofilmed and pristine ternary coatings 
after 45 minute settlement.  Each point is the mean from 90 counts on 3 replicate slides. 
Bars show 95% confidence limits. 
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Figure 3.4.  The biomass of sporelings cultured on biofilmed and pristine ternary 
coatings after 7 days.  Each point is the mean biomass from 6 replicate slides measured 
using a fluorescence plate reader.  Bars show standard error of the mean. 
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Figure 3.5.  Image showing typical growth of U. linza sporelings on ternary coatings 
after 7 days.   Top row biofilmed; Bottom row pristine.   From left: A, B, C, D, E, Glass, 
PDMS. 
 
 
 
Sporelings were strongly attached to all the ternary coatings and a water jet 
impact pressure of 175 kPa was required to remove approximately 50% of them.  In 
comparison, removal of sporelings from the PDMS was near total at this pressure and the 
same level of removal would likely have been achieved at a lower impact pressure 
(typical impact pressure to remove sporelings from PDMS would be 50 kPa).
87
  The 
percentage removal of sporelings was broadly similar among all the biofilmed ternary 
coatings (Figure 3.6).  However, on the pristine surfaces removal was greater in the A 
and B coatings than the C and D coatings.  On coating D, there was greater removal from 
the biofilmed coating than from the pristine coating, suggesting that the presence of 
bacteria and conditioning film were enhancing release from this surface.  Sporeling 
removal from the glass and silanized glass was generally lower than from the ternary 
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coatings.  The quantity of biomass remaining on the biofilmed glass and silanized glass 
was considerably higher than on the pristine surfaces (Figure 3.7 and Figure 3.8).  The 
results suggest that the settlement and adhesion strength of Ulva linza on the biofilmed 
ternary coatings is lower than that of biofilmed glass.  Although removal of sporelings 
was not performed on biofilmed PDMS, Miezakin and coworkers have reported that the 
% removal of pristine PDMS is at least 4 times greater than of biofilmed PDMS.
87
   
 
 
Figure 3.6.  Percent removal of 7 day old sporelings from biofilmed and pristine ternary 
coatings due to an impact pressure of 175 kPa.  Each point is the mean removal of 
biomass from 6 replicate slides measured using a fluorescence plate reader.  Bars show 
standard error of the mean derived from arc-sine transformed data. 
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Figure 3.7.  The biomass of sporelings remaining on biofilmed and pristine ternary 
coatings due to an impact pressure of 175 kPa.  Each point is the mean biomass from 6 
replicate slides measured using a fluorescence plate reader.  Bars show standard error of 
the mean. 
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Figure 3.8.  Image showing typical removal of U. linza sporelings from ternary coatings 
after exposure to a water jet inpact pressure of 175 kPa.  Top row biofilmed; Bottom row 
pristine.  From left: A, B, C, D, E, Glass, PDMS. 
 
 
 
Biofilms were developed on ternary coatings in order to study the fouling 
behavior of diatoms and barnacle cyprids on biofilmed vs. pristine ternary coatings.  The 
cell density of biofilms on the ternary coatings could not be evaluated due to 
autofluorescence of the ternary coatings.  Cell counts made on the glass slides indicated a 
bacterial density of 12298 cells / mm
2
 (standard error 391 cells / mm
2
).  Biofilms were 
composed mostly of single cells interspersed with small colonies.  
Diatoms sink in the water column and land on the coating surfaces by gravity.  
Therefore, before washing, the cell densities on all the test surfaces are the same, 
irrespective of chemistry.  The process of washing removes unattached and weakly 
attached cells; and thus, differences in initial attachment density reflect differences in the 
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ability of cells to attach firmly to the surfaces and resist the hydrodynamic forces of 
washing.  The initial attachment densities of diatoms were similar on all test coatings 
(Figure 3.9).  
 
 
Figure 3.9.  The densities of attached N. incerta on the test coatings after washing i.e. 
initial attachment densities.  Each point is the mean from 90 counts on 3 replicate slides. 
(Except for biofilmed C which was 60 counts from 2 slides).  Bars show 95% confidence 
limits. 
 
 
 
Diatom removal due to a shear stress of 25 Pa did not vary greatly (36-54%) 
between ternary coatings irrespective of biofilm presence (Figure 3.10).  Removal was 
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removal, increasing from A-C, was observed.  On the silanized glass, removal was much 
lower (6%) from the pristine surface than from the biofilmed surface (64%).  The density 
of diatoms remaining on the ternary coatings is shown in Figure 3.11.  Cell densities 
were broadly similar among all coatings except for the pristine silanized glass slide, on 
which the diatom density was higher. 
 
 
Figure 3.10.  The removal of N. incerta from the test coatings due to exposure to a shear 
stress of 25 Pa.  Each point is the mean from 90 counts on 3 replicate slides.  Bars show 
95% confidence limits derived from arc-sine transformed data. 
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Figure 3.11.  Final densities of attached N. incerta on the test coatings after washing and 
exposure to a shear stress of 25Pa.  Each point is the mean of 90 counts on 3 replicate 
slides.  Bars show 95% confidence limits. 
 
 
 
As for barnacle assay, barnacle settlement was uniformly high across the range of 
ternary coatings with no effect of differing composition within the range tested (Figure 
3.12).  All ternary coatings received higher settlement than the silanized glass control in 
both the pristine and biofilmed condition.  The presence of a biofilm on the surface did 
not, therefore, affect the settlement of this species of barnacle. 
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Figure 3.12.  48 h settlement of B. amphitrite cyprids on ternary coatings (A-D) and the 
silanized glass (E) control (n = 10). 
 
3.4 Conclusions 
Thiol-ene click chemistry, a simple and efficient chemistry, has been employed 
to generate a series of amphiphilic zwitterionic ternary coatings with different molar 
equivalences of AFSM and ZSM components.  Airbrush applicator was used to deposit 
the formulations on silanized microscope glass slides rapidly with less materials being 
used than if the coatings were prepared by drop cast method.  Coatings were cured under 
UV light without having to use elevated temperatures in order for crosslinking to take 
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place.  The thicknesses of the coatings were measured to be in a range of 0.5 to 1.0 µm 
with Coating A being the thinnest coating.   
Spore settlement density of Ulva linza was increased on all coatings with the 
presence of the biofilm.  Spore settlement density on the ternary coatings was lower than 
on silanised glass and unmodified glass surfaces.  Sporeling adhesion strength was high 
on all the pristine ternary coatings compared to that on the pristine PDMS standard 
coating.  However, no such conclusion could be made on the biofilmed surfaces.  
Sporeling removal from the ternary coatings was not greatly affected by the presence of 
the biofilm. 
Diatom removal from the ternary coatings was not greatly affected by the 
presence of the biofilm.  Diatom removal from the ternary coatings was similar to that 
from the glass standard, while diatom removal from the silanised glass was higher from 
the biofilmed surface than on the pristine surface.  Barnacle cyprid settlement density on 
the ternary coatings (A-D) was not affected by the presence of the biofilm.  Barnacle 
cyprid settlement density on the silanised glass (E) was lower than on the ternary 
coatings (A-D).  Overall the experiment did not show any major differences in the 
ternary coating performance with either diatoms or barnacle cypris larvae.  Furthermore, 
the anti-fouling studies against all the fouling organisms demonstrated that the biofilm or 
conditioning layer makes a huge difference in the anti-fouling performance of the 
amphiphilic zwitterionic ternary coatings.  Future anti-fouling assays should definitely 
be performed on both biofilmed and pristine coatings in order to understand how the 
coatings performed in a “real world” vs. laboratory environment.   
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Although the amphiphilic zwitterionic ternary systems do not display enhanced 
anti-fouling performances against the tested organisms, the coatings could still be used 
against other fouling organisms that have not been tested or even in other anti-fouling 
applications.  The coatings could also be improved by varying the molar equivalences or 
even the chemical identity of each component in the system.  Our studies show that there 
is still significant work to do to improve the amphiphilic zwitterionic ternary system. 
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CHAPTER IV 
FACILE SYNTHESIS OF A PHOSPHORYLCHOLINE-BASED ZWITTERIONIC 
AMPHIPHILIC COPOLYMER FOR ANTI-BIOFOULING COATINGS
‡
 
 
4.1 Introduction 
Biofouling is a persistent global problem detrimental to the shipping industry 
from both economical and environmental standpoints.
90,91
 
92
 The U.S. Navy alone, which 
accounts for less than half a percent of the world’s shipping industry, spends $180M-
$260M USD per year in fuel and hull cleaning costs due to fouling.
22
  Additionally, 
fouling poses a significant threat to the environment as invasive organisms on ship hulls 
are transported into foreign waters creating ecological imbalances.
34
  In the 1960s, 
marine paints containing TBT were used to combat biofouling through leaching of the 
TBT from the paint.
37
  Although the strategy to incorporate organotin additives into 
marine paints was highly effective in resisting biofoulers, it has also been extremely 
harmful to the marine wildlife.
93
  Cuprous oxides have also been used as an anti-
biofouling agent but still pose similar detrimental effects to the marine environment.
41
  
The introduction of toxic agents into marine paints has led to criticisms of the usage of 
biocide additives and has resulted in the eventual banning of TBT by the IMO.
39
  The 
                                                 
‡
   "Reprinted with permission from “Facile Synthesis of a Phosphorylcholine-based Zwitterionic 
Amphiphilic Copolymer for Anti-biofouling Coatings” by Kellie Seetho, Shiyi Zhang, Kevin A. 
Pollack, Jiong Zou, Jeffery E. Raymond, Edgar Martinez, Karen L. Wooley. ACS Macro Letters, 
2015, 4, 505-510, DOI: 10.1021/mz500818c.  Copyright 2015 by The American Chemical 
Society." 
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lack of non-toxic and effective alternatives to these toxic organotin and cuprous oxides 
calls for immediate attention, targeting more efficient and environmentally-benign 
solutions to combat biofouling. 
Polymeric materials have been investigated heavily as environmentally-benign 
anti-biofouling replacements for ship hull coatings to reduce fuel consumption, hull 
cleaning costs, and the invasion of non-indigenous species.
3,17,23,94
  A number of 
polymers has been explored as anti-biofouling coatings including hydrophobic polymers, 
such as silicone elastomers
23
 and fluoropolymers,
94
 hydrophilic polymers, such as PEG
17
 
and zwitterionic polymers.
3
  Although the various polymers display anti-biofouling 
characteristics, with silicone elastomers and fluoropolymers already commercialized as 
non-toxic anti-biofouling coatings, there remains a drawback using single component 
systems as many biofoulers release glycoprotein adhesives that have a higher affinity to 
either a hydrophobic or hydrophilic surface.
14,43
  Hence, amphiphilic polymer coatings 
with optimal nanoscale heterogeneity of hydrophilic domains, usually PEG, and 
hydrophobic domains have been investigated and demonstrated by several groups in the 
field to be more effective anti-biofouling coatings than only a single polymeric 
component.
14,50,95-97
  Furthermore, zwitterionic polymer coatings have shown promising 
anti-biofouling characteristics due to a hydration layer formed around the zwitterionic 
polymers through electrostatic interactions and hydrogen bonding that are both 
energetically and kinetically unfavorable for proteins to disrupt.
3,4,98-100
  Although 
several amphiphilic and zwitterionic systems are currently being investigated as 
nontoxic anti-biofouling coating replacements, individually, few systems incorporate 
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zwitterions as the hydrophilic component in an amphiphilic design.
100,101
  Herein, we 
present a novel strategy that utilizes simple chemistry to modify a commercially-
available polymer and then grafts it onto a substrate to form an amphiphilic polymer 
coating, in which the hydrophilic component is composed of zwitterionic units.   
4.2 Experimental Section 
Materials 
(N,N-Dimethylaminopropyl)trimethoxysilane (96%), poly(styrene-co-allyl 
alcohol) (SAA) (Mw ~2,200 Da, Mn ~1,200 Da, allyl alcohol 40 mol% as labeled), 
trimethylamine (99%), triethylamine (TEA) (99%), glutaraldehyde solution (25%) were 
used as received from Sigma-Aldrich Company (St. Louis, MO).  Tetrahydrofuran 
(THF) and N,N-dimethylformamide (DMF) were purchased from Sigma-Aldrich 
Company (St. Louis, Mo) and dried through a column purification system (J.C. Meyer 
Solvent Systems, Inc.) before use.  N,N,N’,N’-Tetramethyl-1,4-butanediamine and 
chloro-2-oxo-1,3,2-dioxaphospholane (COP) (95%) were used as received from TCI 
America (Portland, OR).  Microscope glass slides (75 mm x 25 mm x 1 mm), petri 
dishes, and disposable polymethyl methacrylate (PMMA) cuvettes were purchased from 
VWR (Radnor, PA).  Nanopure water (18 MΩ·cm) was acquired by means of a Milli-Q 
water filtration system, Millipore Corp. (St. Charles, MO).  Sylgard® 184 silicone 
elastomer kit was purchased from Dow Corning (Midland, MI).  Albumin from bovine 
serum (BSA), Alexa Fluor® 488 conjugate was purchased and used as received from 
Life Technologies Corp. (Carlsbad, CA).  Phosphate buffered saline (PBS) (1X, 
0.0067M (PO4)) solution was used as received from Thermo Scientific (Waltham, MA).  
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Alga-Gro seawater medium was received and used as from Carolina Biological Supply 
Company (Burlington, NC).  High 1-bulb output fluorescent grow light fixture (ViaVolt, 
2 ft.) was purchased from Home Depot (Atlanta, GA).  Ulva was purchased from Gray 
St. Aquatics (Tampa, FL) and allowed to grow in Alga-Gro seawater medium under the 
fluorescence grow light fixture with a schedule of 16:8 h light to dark cycle.  Nylon net 
filters (20 µm) were purchased from EMD Millipore Corporation (Billerica, MA).  
Synthetic seawater was purchased from Ricca Chemical Company (Arlington, TX) and 
filtered through a 20 µm nylon net filter.   
Nuclear Magnetic Resonance Spectroscopy 
1
H NMR, 
13
C NMR and 
31
P NMR spectra were recorded on a Varian Inova 300 
or Mercury 300 spectrometer (Varian Inc., Palo Alto, CA) interfaced to a UNIX 
computer using VnmrJ software.  Chemical shifts were referenced to the solvent 
resonance signals.  
Thermal Analysis 
TGA was performed under Ar atmosphere using a Mettler-Toledo model 
TGA/DSC1 Star
e
 system (Mettler-Toledo, Inc., Columbus, OH), with a heating rate of 
10 °C/min.  Measurements were analyzed by using Mettler-Toledo STAR
e
 v. 7.01 
software.  Glass transition temperatures (Tg) were measured by DSC on a Mettler-Toledo 
DSC822
e
 (Mettler-Toledo, Inc., Columbus, OH), with cooling and heating rates of 10 
°C/min.  Measurements were analyzed using Mettler-Toledo STAR
e
 v. 7.01 software.  
The Tg was taken as the midpoint of the inflection tangent, upon the second heating scan.   
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Attenuated Total Reflectance-Flourier Transform Infrared Spectroscopy 
ATR-FTIR spectra were recorded using an IR Prestige 21 system (Shimadzu 
Corp., Kyoto, Japan) attached with PIKE MIRacle™ ATR and diamond crystal and 
analysis was performed using IRsolution v. 1.40 software.   
X-ray Photoelectron Spectroscopy 
XPS spectra were recorded on a Kratos Axis Ultra imaging XPS system with a 
monochromatic aluminum X-ray source that has 10 mA current, 12 kV voltage.  Three 
replicate measurements were acquired for each sample and the average and standard 
deviation of the elemental composition on the surface were reported. 
Film Thickness 
Duratool digital caliper was used to measure the thickness of glass and the 
thickness of glass with coatings attached at three different regions.  Film thickness was 
calculated by subtracting the measurement of glass from the measurement of glass with 
coatings and the average was reported.  Three replicate measurements were acquired for 
each sample and the average and standard deviation of the thicknesses of the coatings 
were reported. 
Surface Zeta Potential 
Surface zeta potential analysis was completed using Beckman Coulter 
Delsa
TM
Nano C that uses Doppler Electrophoretic Light Scattering Analysis (DELSA) 
and the Flat Surface Zeta Potential sample cell.  Specially engineered beads suspended 
in 10 mM NaCl were used to monitor their mobility under an electric field of 60 V and 
influenced by the surface charge of the samples.  Three replicate measurements were 
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acquired for each sample and the average and standard deviation of the zeta potential 
were reported. 
Static Surface Water Contact Angle 
Static contact angles of nanopure water droplets were measured on 3 areas per 
sample using the sessile drop technique on an Attension Theta optical tensiometer 
(Biolin Scientific, Stockholm, Sweden) and analysis was performed by fitting drops with 
a Young-Laplace formula using the Theta Software to calculate the average static 
contact angle.  Nine replicate measurements were acquired for each sample and the 
average and standard deviation of the static water contact angle on the surface were 
reported. 
Atomic Force Microscopy 
AFM images were taken with MFP-3D-BIO system (Asylum Research, Santa 
Barbara, CA) under ambient conditions in air using standard silicon tips (VISTA probes, 
T190 - 25, resonance constant: 190 kHz, tip radius: ~ 10 nm, spring constant: 48 N/m).  
Three replicates were imaged for each sample and the average and standard deviation of 
Rrms roughness and ΔA
2
 were reported. 
Ultraviolet-visible Spectroscopy  
Ultraviolet-visible (UV-vis) absorption measurement was performed using a UV-
2550 system (Shimadzu Corp., Kyoto, Japan).  Measurements were performed in 
synthetic seawater in PMMA cuvettes with path lengths of 1 cm.  
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Fluorescence Imaging 
Fluorescence imaging was performed through a 10× objective on an Olympus 
IX70 inverted microscope equipped with a mercury arc lamp and an Olympus DP72 
digital camera.  All fluorescence imaging was performed with the same optics set 
(Olympus U-MNIBA3 filter cube with excitation: 470-495 nm and emission: 510-550 
nm), collection time and CCD gain in order to compare from frame-to-frame.   
Confocal Imaging 
Confocal imaging was performed on an Olympus FV 1000 system laser scanning 
confocal microscope operating with a 10× objective and a 635 nm excitation source.  
Fluorescence collection occurred under identical excitation/collection regimes, with a 
640 nm clean-up long pass filter and a 655-755 nm band pass filter (B-band chlorophyll 
emission).  To account for topographic features of both the surfaces and the organisms, 
identical z-stacks over a 150 µm depth were averaged for each sample.  Relative fouling 
extent was determined by average pixel intensity, referenced to an unfouled surface. 
Silanization of Glass Substrates 
Microscope glass slides were cut into 1 cm × 1 cm substrates with a glass cutter.  
The glass substrates were immersed into 20 wt% sodium hydroxide (NaOH) solution for 
12 h, washed with nanopure water and then ethanol and dried with N2.  The substrates 
were cleaned under UV/ozone for 20 minutes, washed with nanopure water and ethanol, 
and dried under inert atmosphere.  The cleaned substrates were submerged in a 5 wt% 
solution of  (N,N-dimethylaminopropyl)trimethoxysilane in ethanol for 3 h, washed with 
ethanol, dried with N2 and stored in vacuo at 100 °C for 12 h.   
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Synthesis of Poly(styrene-co-allyl phospholane) (SAP) 
A solution of 2-chloro-2-oxo-1,3,2-dioxaphospholane (COP) (2.72 g, 9.09 mmol) 
in THF (30 mL) was added dropwise to a stirring solution of poly(styrene-co-allyl 
alcohol) (SAA) (2.00 g, 0.17 mmol) and TEA (0.70 mL, 1.2 mmol) in THF (10 mL) at 4 
°C.  The reaction mixture was allowed to stir for 1 h at 4 °C before filtration.  The 
filtrate was washed saturated sodium bicarbonate solution (3 x 10 mL) and precipitated 
in anhydrous diethyl ether (3 x 50 mL).  The precipitate was collected and dried in vacuo 
at room temperature (yield: 93%).  The resulting solid was stored in a desiccator  under 
vacuum until further use.  
1
H NMR (300 MHz, CDCl3, ppm,): δ 7.41-6.48 (b, styrenyl 
Hs), 5.39-3.55 (b, CH2CH2OP, OCH2CH2O), 2.52-0.52 (br, CH2CHR aliphatic 
backbone Hs).  
13
C NMR (75 MHz, CDCl3, ppm,): δ 145.8, 128.6, 126.3, 69.3, 68.2, 
66.2, 40.6, 34.3, 25.9, 15.7.  
31
P NMR (121 MHz, CDCl3, ppm, δ): 17.  FTIR (cm
-1
): 
3150-2850, 1600, 1493, 1286, 1024, 928, 864, 839, 758, 700.  DSC: Tg = 58 C.  TGA in 
Ar: 30-200 °C, 0% mass loss; 200-300 °C, 14% mass loss; 300-400 °C, 55% mass loss; 
400-500 °C, 62% mass loss; 38% mass remaining above 500°C.   
General Procedure for Preparation of Amphiphilic Zwitterionic Coatings on 
Silanized Glass Substrates 
N,N,N’,N’-tetramethyl-1,4-butanediamine (TMBD) (0 mmol, 0.021 mmol and 
0.041 mmol for nominally 0%, 25%, and 50% crosslinked coatings, respectively) was 
mixed with a solution of poly(styrene-co-allyl phospholane) (SAP) (50 mg, 0.028 mmol) 
in DMF (1 mL) and vortexed for 30 s.  80 µL of the vortexed mixture was drop casted 
onto silanized glass slides and placed in an oven at 70 °C under N2 for 4 h.  The slides 
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were lightly rinsed with DMF before being immersed in a solution of DMF containing 
excess trimethylamine at 70 °C for 24 h.  The slides were then rinsed in DMF and dried 
in vacuo at 70 °C for 12 h.  
Preparation of Sylgard® 184 on Glass Substrates 
Sylgard® 184 elastomer kit comes in 2 components: base and curing agent.  The 
2 components were mixed slowly in a 10:1 volume ratio of base to curing agent without 
bubble formation.  The mixed formulation (0.2 mL) was dropped at the center of a clean 
glass substrate.  The mixed formulation was applied onto the glass substrate by spin 
coating at 4000 rpm for 60 s.  The substrates were then cured at 100 °C for 35 min. 
Adsorption of Biomacromolecules 
All substrates were equilibrated in PBS solution for 12 h and dried under N2.  
The freshly equilibrated surfaces were imaged in fifteen different areas by wide field 
fluorescence microscopy to generate intensity histograms of the fluorescence 
background.  The surfaces were then covered in a 0.5 mg/mL solution of BSA, Alexa 
Fluor® 488 conjugate in PBS for 1 h in the dark before being lightly rinsed and dried in 
the dark under a light flow of N2.  The same areas were imaged again by wide field 
fluorescence microscopy under identical imaging settings pre-exposure to BSA to 
measure the fluorescence of the post-BSA-incubated substrates.  The changes in 
emission intensities of the surfaces pre- and post-BSA-incubation were calculated by 
converting all compiled pixels of the images into intensity histograms. 
 
 
 72 
 
Ulva Zoospores Settlement 
Ulva alga was dried with paper towels and allowed to stand overnight in the dark 
at 4 °C to promote the release of zoospores.  The Ulva zoospores were then suspended 
into synthetic seawater by submerging the Ulva alga in synthetic seawater.  The 
synthetic seawater containing both the Ulva alga and zoospores was then pass through 
20 µm nylon net filters to filter out Ulva alga.  The filtrate consisting of the zoospores 
was collected and further diluted with synthetic seawater to an OD600 of 0.24.  All 
substrates were equilibrated in synthetic seawater for 12 h and dried under N2.  For each 
type of substrate, three replicates were equilibrated in synthetic seawater for 12 h.  Z-
stacked confocal fluorescence images were taken in five different regions of three 
replicates per sample to generate intensity histograms of the fluorescence background.  
The substrates were placed in a polystyrene petri dish and 7 mL of the prepared 
zoospores suspension was added into each petri dish.  All substrates were incubated in 
the zoospores suspension for 3 h in the dark before being rinsed lightly with synthetic 
seawater.  The replicates fixed with 2.5% glutaraldehyde solution and rinsed lightly with 
nanopure water.  Z-stacked confocal fluorescence images were taken of the exposed 
zoospore surfaces under identical imaging settings as pre-incubation in zoospores 
suspension and the resultant intensity histograms were compiled together and used for 
quantification of the autofluorescence of chlorophyll present in the zoospores. 
Ulva Zoospores Growth 
Ulva alga was dried with paper towels and allowed to stand overnight in the dark 
at 4 °C to promote the release of zoospores.  The Ulva zoospores were then suspended 
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into synthetic seawater by submerging the Ulva alga in synthetic seawater.  The 
synthetic seawater containing both the Ulva alga and zoospores was then pass through 
20 µm nylon net filters to filter out Ulva alga.  The filtrate consisting of the zoospores 
was collected and further diluted with synthetic seawater to an OD600 of 0.24.  All 
substrates were equilibrated in synthetic seawater for 12 h and dried under N2.  For each 
type of substrate, three replicates were equilibrated in synthetic seawater for 12 h.  The 
substrates were placed in a polystyrene petri dish and 7 mL of the prepared zoospores 
suspension was added into each petri dish.  All substrates were incubated in the 
zoospores suspension for 3 h in the dark too let zoospores settle on the substrates before 
being rinsed lightly with synthetic seawater.  The three replicates of each substrate were 
then incubated in Alga-Gro seawater medium for 5 d with a light to dark cycle of 16:8 h 
and a change in Alga-Gro seawater medium every 2 d. 
4.3 Results and Discussion 
Our strategy to develop a simple chemical approach to produce an amphiphilic 
zwitterionic polymer coating from a commercially-available polymer employed 
poly(styrene-co-allyl alcohol) (SAA) copolymer, which is widely used in inks and 
paints, and involved the installation of reactive cyclic phosphotriester functionalities to 
allow for incorporation of zwitterionic groups, covalent attachment to a substrate and 
crosslinking reactions (Figure 4.1-C).  Even when purchased in small research 
quantities, this functional copolymer is relatively inexpensive, <$200/kg.  The randomly-
distributed reactive hydroxyl groups on SAA were allowed to undergo reaction with 2-
chloro-2-oxo-1,3,2-dioxaphospholane (COP) (Figure 4.1-A) under basic conditions to 
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form poly(styrene-co-allyl phospholane) (SAP) copolymer, while the hydrophobic 
styrenyl groups were left unmodified to be used to create hydrophobic domains on the 
surfaces of the coatings.  The highly-reactive phosphotriester is able to react readily with 
tertiary amines to form phosphorylcholine (Figure 4.1-B), which was deliberately 
chosen in our system because phosphorylcholine mimics the chemical structure of the 
outer cell membrane and has been shown to resist protein adhesion more readily than 
other zwitterions, such as sulfobetaines.
19,102-106
  This chemistry permits the covalent 
incorporation of various functionalities or enhancement of crosslinking through the 
modification of the R group on the tertiary amine.  Similarly, substrates functionalized 
with tertiary amine can also allow the attachment of the polymer onto the substrate 
without the use of adhesives.   
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Figure 4.1.  (A) Synthesis of SAP from SAA.  (B) Mechanism for the ring opening of 
the phosphotriester units upon attack by a tertiary amine.  (C)  Schematic illustration of 
the preparation of different extents of crosslinked amphiphilic anti-biofouling coatings 
on silanized substrates that present sterically non-hindered tertiary amines on the 
surface. 
 
 
Silanization of microscope glass slides was performed by first basifying the 
slides with sodium hydroxide solution, followed by silanization of the slides with (N,N-
dimethylaminopropyl)trimethoxysilane.  The silanization of the glass slides was 
confirmed by the change in static water contact angle of the surface of the slides at each 
step of the silanization process.  The average static water contact angle of the surface 
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decreased from 45 ± 2° to <10° upon basification and increased to 58 ± 1° after 
silanization (Figure 4.2). 
 
 
Figure 4.2.  Static water contact angle of regular glass slide (left), basified glass slides 
(center), and silanized glass slide (right).  (i) indicates the process of being immersed in 
20 wt% NaOH solution and (ii) indicates the process of being silanized.  
 
 
SAA was converted into SAP with high yield through a one-step esterification 
reaction with COP in the presence of TEA (Figure 4.1-A), followed by simple filtration 
and washing.  The resonance frequencies of the methylene protons of the hydroxymethyl 
functionalities shifted downfield upon formation of the cyclic phosphotriester side chain 
functionalities, however, there was significant overlap overlap with the proton signals of 
the five-membered rings, which prevented quantitative determination of the extent of 
reaction by 
1
H NMR spectroscopy (Figure 4.3).  
13
C NMR spectroscopy allowed for 
confirmation that the reaction had proceeded, by having some level of distinction of the 
downfield-shifted methylene carbon signals, resonating broadly at 69-70 and 70-74 
ppm), relative to the five-membered ring carbons (61-68 ppm), however, the starting 
hydroxymethyl methylene carbon signals overlapped (62-64 and 64-69 ppm), again, 
preventing quantitative determination of the extent of conversion of the hydroxyl methyl 
groups to cyclic phosphotriester moieties (Figure 4.4).  Although 
1
H and 
13
C NMR 
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spectra could not be used to ascertain complete conversion of the alcohol units in SAA 
to phosphotriester units in SAP, the disappearance of the infrared absorbance band 
associated with the hydroxyl stretch at 3100-3500 cm
-1
 in SAP suggested that most of 
the alcohols were converted to phosphotriester units (Figure 4.5).  
31
P NMR spectra 
shows the appearance of one 1 peak at 16.7 ppm for the SAP which was assigned to the 
phosphorous on the cyclic phosphotriester sidechain.  The presence of only one peak 
also indicated that the cyclic phosphotriester is stable under ambient conditions and that 
any side products containing phosphorous formed from the reaction has been removed 
from the product during purification (Figure 4.6). 
 
 
Figure 4.3.  
1
H NMR spectra (300 MHz) of SAA (top) and SAP (bottom) in CDCl3 
(ppm).  
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Figure 4.4.  
13
C NMR spectra (75 MHz) of SAA (top) and SAP (bottom) in CDCl3 
(ppm). 
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Figure 4.5.  IR spectra of SAA and SAP.  The blue shaded region suggested the 
disappearance of the peak associated with hydroxyl stretch from SAA to SAP. 
 
 
 
 
Figure 4.6.  
31
P NMR spectrum (300 MHz) of SAP in CDCl3 (ppm).  
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SAP was then mixed with a difunctional tertiary amine, TMBD, to form 
nominally 0%, 25%, and 50% crosslinked amphiphilic zwitterionic coatings, which 
refers to the maximum amount of crosslinking between the amines and phosphotriester 
units based upon their stoichiometries.  The coatings were prepared by a solution 
deposition method on silanized glass substrates that presented tertiary amines on the 
surface, followed by treatment with trimethylamine to convert the remaining 
phosphotriester units into phosphorylcholine units (Figure 4.1-C).   
The thicknesses of the 0%, 25%, and 50% crosslinked amphiphilic zwitterionic 
coatings were measured by calipers to be ca. 33 ± 1 µm, 43 ± 1 µm and 46 ± 1 µm, 
respectively (Table 4.1).  As expected, the thickness increased with the presence of the 
TMBD crosslinker, likely due to a combination of the increased total mass of material 
and the more effective covalent attachment of SAP polymers within the networks and 
with connectivity to the substrate.   
 
Table 4.1.  Thicknesses of 0%, 25% and 50% crosslinked amphiphilic zwitterionic 
polymer surfaces measured by calipers.   
Coatings Thickness (µm) 
0% crosslinked 33 ± 1 
25% crosslinked 43 ± 1 
50% crosslinked 46 ± 1 
 
 
 
The coatings were characterized by XPS to study the surface chemical 
compositions.  In the scenario of full conversion of phosphotriester units into 
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phosphorylcholine units, the nitrogen to phosphorous N/P ratio would be 1:1, due to a 
mechanism in which one lone pair on the nitrogen atom opens one phosphotriester five-
membered ring.  The 0% crosslinked coating resulted in a calculated N/P ratio of 0.8 
indicating ca. 80% conversion efficiency (Table 4.2).  Upon diamino-based 
crosslinking, the expected N/P ratio was observed, in which the 25% and 50% 
crosslinked coatings had N/P ratios of 1.0 and 1.1, respectively.  The N/P value greater 
than 1 may be attributed to an increasing number of residual dangling amines from 
TMBD that did not react with the phosphotriester units.  Thus, the N/P ratio of the 
higher crosslinked coatings would be able to exceed 1, due to TMBD molecules being 
attached onto the coating only from one single terminus.  The N/P ratios close to the 
theoretical 1.0, suggest that the installation of the zwitterionic features on the modified 
surfaces was successful.   
 
Table 4.2.  Surface chemical compositions of 0%, 25% and 50% crosslinked 
amphiphilic zwitterionic polymer surfaces calculated from XPS spectra.   
Coatings O (%) N (%) C (%) P (%) N/P 
0% crosslinked 18.2 ± 0.1 1.3 ± 0.1 78.8 ± 0.1 1.7 ± 0.1 0.8 
25% crosslinked 14.4 ± 0.7 2.3 ± 0.5 81.1 ± 0.2 2.2 ± 0.02 1.0 
50% crosslinked 11.7 ± 0.7 1.8 ± 0.8 84.8 ± 2 1.6 ± 0.1 1.1 
 
 
 
AFM was used to investigate the surfaces of the coatings in both the dry and 
water-swollen states (Figure 4.7).  In the dry state, all coatings presented rough surfaces 
with randomly distributed topographical features.  The 0% crosslinked coatings 
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exhibited surfaces with the lowest Rrms and change in surface area (ΔA
2
), generating the 
smoothest surfaces out of the three coatings, and they were also the thinnest, 
qualitatively, due to the reliance only on substrate conjugation for connection to the 
substrate.  The 50% crosslinked coatings generated the next smoothest surface while the 
25% crosslinked coatings were the roughest surfaces.  The addition of TMBD into the 
formulations allowed for multi-layer crosslinking coincident with covalent attachment to 
the substrate to afford the 25% and 50% crosslinked networks.  It is hypothesized that 
the lower degree of crosslinking gave a dynamic, loosely-crosslinked network that could 
undergo surface-buckling and display greater nanoscopic and microscopic roughnesses, 
resulting in an increased Rrms and ΔA
2
 than the 0% or 50% crosslinked coatings.  
Recognizing that further studies were needed to probe the composition, structure, 
property behaviors, the coatings were then immersed in nanopure water for 12 h to 
provide for images in the water-swollen state.  Overall, the water-swollen coatings 
displayed a lower Rrms and decrease in surface area, resulting in a smoother surface than 
their dry counterparts.  The decreases in Rrms and ΔA
2
 indicate that dynamic surface 
reorganization or increased water hydration had occurred on the surface of and possibly 
throughout the films.  
The wettability of the coatings was studied by measuring the static water contact 
angle (Figure 4.7).  All coatings exhibited relatively low static water contact angles (< 
25°) pre-water immersion, which is indicative of their zwitterionic nature and affinity to 
water.  Upon water immersion, an increase in static water contact angle of all the 
coatings was observed compared to their dry counter parts.  The observation of the 
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contraphilic effect displayed on all surfaces can most likely be attributed to a saturation 
of water in the film allowing zwitterions in the surface-water interface to also be able to 
bury within the film.
107
  The trend of higher crosslinked films exhibiting higher static 
water contact angle was still observed with post water immersion films.  The increase in 
static water contact angles for networks with a greater percentage of crosslinking could 
be attributed to the increase in hydrodynamic response to residual tertiary amine end 
groups that did not react with phosphotriester moieties on the surface.  The trends 
observed by both AFM imaging and static water contact angle measurements suggested 
an ability to control the surface properties by modulating TMBD incorporation. 
 
 
Figure 4.7.  AFM images for amphiphilic zwitterionic coatings for both pre-water and 
post-water swollen states with Rrms, ΔA
2
, and static water contact angle values reported, 
respectively, with each image.  Field of view for AFM renderings is 100 µm
2
 with a 100 
nm z-scale.   
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After the demonstration of their zwitterionic and amphiphilic features, the 
coatings were incubated with a non-specific protein, BSA conjugated with Alexa Fluor 
488 dye, to examine anti-biofouling performance.  By wide field fluorescence 
microscopy under identical imaging conditions, the histograms for the fluorescence 
intensities of the coatings before and after incubation for 1 h in BSA solution were 
obtained and compared to the controls: glass, silanized glass and glass coated with a 
commercially-available silicone elastomer model Sylgard® 184 (Figure 4.8).  The 
average changes in relative Alexa Fluor 488 intensities between pre- and post-BSA-
exposed surfaces were calculated and presented along with the histograms.  As more 
BSA was bound, a larger change in relative Alexa Fluor 488 intensity was expected.  
The histograms demonstrated that the amphiphilic zwitterionic coatings had changes in 
intensities no more than 2 a.u. while the changes in intensities for controls were ≥ 6 a.u.  
The results indicated that amphiphilic zwitterionic coatings have a higher resistance to 
the adsorption of BSA than the controls (glass, silanized glass and Sylgard® 184).  The 
0% and 50% crosslinked coatings both displayed slightly better anti-biofouling 
resistances towards BSA adsorption (1 a.u.) than the 25% crosslinked coating (2 a.u.).  
The slightly higher resistance to BSA adsorption behavior for both the 0% and 50% 
crosslinked coatings could be accredited to the overall lower Rrms and ΔA
2
 of the 
coatings in comparison to the 25% crosslinked coatings, a finding that was also observed 
by other groups.
108,109
  In addition to a higher Rrms and surface area, the residual 
unreacted tertiary amines from TMBD in the 25% and 50% crosslinked coatings may 
also play a factor in the effectiveness of resistance to BSA adsorption. 
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Figure 4.8.  Histograms of fluorescence intensities of coatings/substrates before (blue 
curve) and after (red curve) BSA incubation, and calculated relative changes in 
fluorescence intensities. 
 
 
 
With respect to the application of these amphiphilic zwitterionic coatings for 
anti-biofouling applications in the marine environment, the abilities of the coatings to 
prevent settlement of Ulva, the most widespread hull fouling alga,
110
 was tested by 
submerging the surfaces in an Ulva zoospore solution.  Confocal microscopy was used 
to measure autofluorescence of chlorophyll present in zoospores that settled on the 
surfaces.  The changes in relative fluorescence intensities between the coatings before 
and after zoospore settlement on the amphiphilic zwitterionic coatings were below 51 
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a.u., while the average changes for the controls were all above 190 a.u. (Figure 4.9-A).  
Although there was only a slight distinction among the fluorescence images of the 
amphiphilic zwitterionic coatings and the controls (Figure 4.9), the calculated change in 
fluorescence intensities before and after zoospore settlement indicated that the 
amphiphilic zwitterionic coatings performed significantly better at resisting zoospore 
settlement than did the controls, including the PDMS elastomer coatings (Figure 4.9-A 
and Figure 4.9-B), with all amphiphilic zwitterionic coatings having a 70% less 
susceptibility to Ulva fouling compared to the controls.  The 0% crosslinked coatings 
were observed to be the most effective at preventing the settlement of zoospores among 
all coatings, with an average relative fluorescence intensity at approximately 30 a.u.  
Meanwhile, the average relative fluorescence intensity for 25% and 50% crosslinked 
coatings were calculated to be similar at approximately 50 a.u.  The 0% crosslinked 
coating was able to resist the most zoospores, possibly due to its surface having the 
highest wettability among all coatings as illustrated by static water contact angle 
measurements.  The zoospores that had settled on the coatings/substrates were also 
allowed to grow for qualitative measurements of Ulva fouling (Figure 4.9-C) and the 
controls can be visually observed to be more fouled than were the amphiphilic 
zwitterionic coatings.  In addition, the growth of the zoospores on the amphiphilic 
zwitterionic coatings also implied that our coatings are non-toxic.    
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Figure 4.9.  (A) Average relative chlorophyll fluorescence intensity results for tested 
coatings/substrates regarding settlement of Ulva zoospores.  Bars show standard error of 
the mean.  (B) Fluorescence images of the settlement of zoospores onto substrates.  (C) 
Qualitative images Ulva growth on substrates after five days.  Size of each substrate is 1 
cm
2
. 
 
 
 
The surface zeta potential of 0%, 25% and 50% crosslinked coatings were 
measured to be -32.47 mV, -22.50 mV and -54.39 mV, respectively (Table 4.3).  The 
negatively charged characteristic of the coatings could be in accordance to the ring 
opening of any remaining unreacted cyclic phosphotriester which did not react with an 
amine.  Nanomaterials with phosphotriester moieties have also shown to exhibit negative 
characteristics.
111-113
  Although the coatings showed negatively charged characteristics, it 
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is hypothesized that the zwitterionic characteristics of the phosphorylcholine in the 
coating decrease protein adsorption and microorganism adhesion. 
 
Table 4.3.  Surface Zeta Potentials of 0%, 25% and 50% crosslinked amphiphilic 
zwitterionic polymer surfaces.   
Coatings Zeta potential (mV) 
0% crosslinked -32.47 
25% crosslinked -22.50 
50% crosslinked -54.39 
 
 
4.4 Conclusions 
A new facile strategy to achieve amphiphilic zwitterionic coatings has been 
developed, which starts from a commercially-available relatively inexpensive polymer 
and allows for easy functionalization and crosslinking reactions.  The wettabilities of the 
zwitterionic polymeric networks were controlled by varying the extent of crosslinking in 
the networks, which influenced the compositional profiles.  AFM characterization 
suggested that the surface properties of our amphiphilic zwitterionic coatings could also 
be adjusted by tuning crosslinking extents.  The amphiphilic zwitterionic coatings 
displayed superior anti-biofouling performance at resisting both protein (BSA) and 
whole marine organism (Ulva zoospore) fouling, compared to glass substrates and 
commercialized anti-biofouling silicone-based coatings.   
With these promising initial anti-biofouling results obtained for materials 
prepared by a straightforward synthetic approach, future directions will further explore 
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the applicability of the current coatings, while also expanding the compositions, 
structures and properties.  In particular, we are interested in controlled, quantitative 
laboratory and field tests of fouling performance, conducted against diverse types of 
marine organisms, with evaluation of the coatings surface characteristics before and after 
fouling has occurred to better map out the composition-structure-property-performance 
relationships.  In addition, we are investigating expansion of the compositions, with 
inclusion of mixtures of amino components, coating thicknesses, while also probing the 
durability and longevity under challenging conditions, including those resembling a 
marine environment. 
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CHAPTER V  
DETERMINING THE EXTENT OF INTERACTIONS OF ZWITTERIONIC VS. 
BLENDED IONIC POLYMERS VIA THERMAL AND MECHANICAL 
CHARACTERIZATIONS
§
 
 
5.1 Introduction 
Zwitterionic polymers have garnered an increasing amount of attention due their 
excellent anti-fouling properties which can be used in various applications such as 
medical implants, biosensors, water purification systems and ship hulls.
3,20,77,85,114-118
  
Their unique structures that have the same number of anionic and cationic moieties on 
the same pendant side chain of zwitterionic polymers help create a hydration layer 
through electrostatic interactions and hydrogen bonds around the surface which requires 
disruption from proteins that is both energetically and kinetically unfavorable.
119-121
  In 
addition to providing great anti-fouling properties, zwitterionic polymers could also be 
developed as smart materials that respond to a stimulus such as change in pH or salt 
concentration.
122-125
  
Mixed charged polymers with either positive or negative moieties on a pendant 
side chain that have a neutral net charge have also been explored for anti-fouling 
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purposes.
126,127
  For example, Mi and coworker also reported a tunable mixed-charge 
copolymer surface containing positively charged quaternary amine monomers ([2-
(acryloyloxy)ethyl] trimethylammonium chloride, TMA) and negatively-charged 
carboxylic acid monomers (2-carboxy ethyl acrylate, CAA) that is resistant to bacteria 
adhesion.
127
  Furthermore, Chang and coworkers synthesized poly(TMA-co-SA), which 
bears positively charged trimethylammonium chloride and negatively charged sulfonate 
groups, to show that the closer the mixed charged polymer reaches charge neutrality, the 
more resistant the polymer is to nonspecific protein adsorption.
126
  Due to excellent anti-
fouling properties displayed by both zwitterionic and mixed charged polymers, 
understanding the difference in properties between both zwitterionic and mixed charged 
polymers has become of great importance for the selection of polymers in anti-fouling 
applications.
128,129
 
With anti-fouling applications on substrates ranging from ship hulls to 
ultrafiltration membranes, it is significant to select a neutral charged polymer, whether it 
is zwitterionic or mixed charged polymers, with appropriate thermal and mechanical 
properties for the application.
130,131
  The zwitterion, sulfobetaine, in particular, has 
received significant attention due to its high dipole moment, stability over a wide range 
of temperatures and permanent neutral charge over a wide pH range.
132,133
  Our work 
describes the synthesis of different charged polymers bearing either positively charged 
trimethylammonium chloride units (cationic), negatively charged sodium sulfonate units 
(anionic) and neutral charged sulfobetaine units (zwitterionic) side chains from P(AGE-
b-EG-b-AGE) via thiol-ene click chemistry.  The post-functionalization of P(AGE-b-
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EG-b-AGE) to different charged polymers allow for all the charged polymers to have the 
same number of charged functional groups in the polymer.  Equimolar amounts of 
polymers with positive charged side chains and negative charged side chains were then 
mixed together and compared to polymers with zwitterionic side chains which possess 
similar charge densities.  The thermal and mechanical properties of the zwitterionic 
polymers vs. blended cationic/anionic polymers were reported.   
5.2 Experimental Section 
Materials 
  All chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, 
MO) and used without further purification unless otherwise noted.  Custom Delrin® 
molds were fabricated at the Texas A&M University machine shop (College Station, 
TX).  The Spectra/Por Dialysis Membranes (MWCO 6,000 to 8,000 Da) were 
purchased from Spectrum Laboratories, Inc (Rancho Dominguez, CA).  Nanopure 
water (18 MΩ•cm) was acquired by means of a Milli-Q water filtration system, 
Millipore Corp. (Bedford, MA).   
Nuclear Magnetic Resonance Spectroscopy 
1
H NMR and 
13
C NMR NMR spectra were recorded on a Varian Inova 300 
(Varian Inc., Palo Alto, CA) interfaced to a UNIX computer using VnmrJ software.  
1
H 
NMR and 
13
C NMR were analyzed using the solvent signal as an internal reference. 
High-resolution Mass Spectrometry 
  HRMS for the monomers was conducted on an Applied Biosystems PE 
SCIEX QSTAR.   
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Thermal Analysis 
TGA was performed under argon atmosphere using a Mettler-Toledo model 
TGA/DSC1 Star
e
 system (Mettler-Toledo, Inc., Columbus, OH), with a heating rate of 
10 °C/min.  Measurements were analyzed by using Mettler-Toledo STAR
e
 v. 7.01 
software.  Thermal properties were measured by DSC on a Mettler-Toledo DSC822
e
 
(Mettler-Toledo, Inc., Columbus, OH), with cooling and heating rates of 10 °C/min.  
Measurements were analyzed using Mettler-Toledo STAR
e
 v. 7.01 software.  The third 
heating and second cooling scans were presented.   
Dynamic Mechanical Thermal Analysis 
DMTA was performed on a Mettler Toledo TT-DMA system.  DMTA was 
performed in compression mode over a temperature range of -75 °C to 75 °C with a 
ramp rate 1 °C/min and 0.03 mm displacement at a frequency of 1 Hz. 
Synthesis of 2-Mercapto-N,N,N-trimethylethan-1-aminium chloride 
In a 100 mL round-bottom flask equipped with a stir bar was added 
acetylthiocholine iodide (5.00g, 16.9 mmol) and 6 M HCl (34 mL).  The mixture was 
stirred at 80 °C for 1 h before being concentrated in vacuo to remove acetic acid and 
water.  The resulting solid was washed with acetone and dried under vacuum (yield: 95). 
1
H NMR (300 MHz, D2O, ppm): δ 3.45 (t, J = 7 Hz, 2H, SCH2CH2), 3.25 (s, 9H, 
N
+
(CH3)3), 2.77 (t, J = 7 Hz, SCH2CH2).  
13
C NMR (75 MHz, D2O, ppm): δ 70.3, 53.5, 
17.2.  HRMS (m/z): calculated for C5H14NSCl [M+H]
+
 156.05; found, 156.1129.  FTIR 
(cm
-1
): 2955, 2864, 1685, 1466, 1405, 1400, 1377, 1367, 1342, 1267, 1262, 1136, 1106, 
1051, 1016, 964, 851, 806. 
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Synthesis of S-(2-(Dimethylamino)ethyl) ethanethioate 
In a 1 L round-bottom flask was added 2-(dimethylamino)ethanethiol 
hydrochloride (25.0 g, 167 mmol), acetyl chloride (15.0 g, 187 mmol), triethylamine 
(36.0 g, 335 mmol) and dichloromethane (100 mL).  The reaction mixture was heated at 
40 °C for 24 h and then filtered to remove triethylammonium salts.  The solution was 
concentrated in vacuo to yield yellow oil.  The crude product was purified by dissolving 
in diethyl ether and washing with 1 M HCl solution (3 x 100 mL), sodium bicarbonate 
solution (3 x 100 mL), and brine (100 mL).  The organic solution was then collected and 
dried over magnesium sulfate and concentrated in vacuo to afford light yellow oil (yield: 
55%).  
1
H NMR (300 MHz, CDCl3, ppm): δ 2.94 (t, J = 7 Hz, 2H, SCH2CH2N), 2.41 (t, 
J = 7 Hz, 2H, SCH2CH2N), 2.27 (s, CH3S), 2.20 (s, N
+
(CH3)2).  
13
C NMR (75 MHz, 
CDCl3, ppm): δ 199.5, 57.8, 45.3, 31.2, 23.1.  HRMS (m/z): calculated for C6H13NOS 
[M+H]
+
 149.09; found, 149.2571.  FTIR (cm
-1
): 1715, 1470, 1443, 1379, 1322, 1246, 
1236, 1171, 1138, 1066, 1061, 1038, 1009, 968, 934, 824. 
Synthesis of 3-((2-(Acetylthio)ethyl)dimethylammonio)propane-1-sulfonate 
In a 250 mL round-bottom flask equipped with a stir bar was added s-(2-
(dimethylamino)ethyl) ethanethioate (10.0 g, 68.0 mmol), 1, 3-propanesultone (17.0 g, 
136 mmol) and acetone (80 mL).  The reaction mixture was allowed to stir for 24 h.  The 
precipitate was filtered and washed with acetone before drying under vacuum (yield: 
99%).  
1
H NMR (300 MHz, D2O, ppm): δ 3.51 (t, J = 7 Hz, 2H, SCH2CH2), 3.48 (t, J = 
7Hz, 2H, N
+
(CH3)3CH2CH2CH2), 3.27 (t, J = 7 Hz, 2H, CH3COSCH2), 3.18 (s, 6H, 
N
+
(CH3)3), 3.00 (t, J = 7 Hz, 2H, CH2SO3
-
), 2.30 (t, J = 7 Hz, 2H, CH2CH2CH2), 2.23 (s, 
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3H, CH3CO).  
13
C NMR (75 MHz, D2O, ppm): δ 199.1, 65.4, 62.1, 50.1, 47.1, 31.0, 
23.1, 18.2.  HRMS (m/z): calculated for C9H19NO4S2 [M+H]
+
 270.08; found, 270.2151.  
FTIR (cm
-1
): 2235, 1713, 1483, 1455, 1385, 1350, 1322, 1247, 1216, 1175, 1136, 1112, 
1066, 1061, 1035, 1008, 960, 934, 850, 824, 790. 
Synthesis of 3-((2-(Acetylthio)ethyl)dimethylammonio)propane-1-sulfonate   
In a 250 mL round-bottom flask equipped with a stir bar was added 3-((2-
(acetylthio)ethyl)dimethylammonio)propane-1-sulfonate  (18.0 g, 66.9 mmol) and 6 M 
HCl (80 mL).  The mixture was allowed to stir for 1 h at 80 °C.  The solution was 
concentrated in vacuo.  The white solid was washed with diethyl ether (3 x 100 mL) and 
dried under vacuum for 24 h (yield: 95%).  
1
H NMR (300 MHz, D2O, ppm): 3.49 (m, 
4H, CH2N(CH3)2)CH2), 3.10 (s, 6H, N(CH3)2), 2.93 (m, 4H, HSCH2CH2, CH2SO3
-
), 
2.19 (m, J = 7 Hz, 2H, CH2CH2CH2).  
13
C NMR (75 MHz, D2O, ppm): δ 70.3, 65.4, 
50.2, 47.2, 18.1, 17.5.  HRMS (m/z): calculated for C7H17NO3S2 [M+H]
+
 228.06; found, 
228.1121.  FTIR (cm
-1
): 2945, 2862, 2235, 1685, 1481, 1453, 1381, 1355, 1245, 1215, 
1170, 1110, 1061, 1030, 1018, 965, 931, 847, 790. 
Synthesis of P(AGE-b-EG-b-AGE) 
 P(AGE-b-EG-b-AGE) (Mw
NMR
: PEG midblock = 10,000 Da, PAGE endblock 
Mw = 4,100 Da) was synthesized as reported in literature.
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Synthesis of P(AGE-b-EG-b-AGE) with cationic functionalities (anionic polymers) 
In a 20 mL scintillation vial was added P(AGE-b-EG-b-AGE) (50.0 mg, 2.75 
µmol), 2-mercapto-N,N,N-trimethylethanaminium chloride, (290 mg, 1.92 mmol),  2, 2’-
dimethoxy-2-phenylacetophenone (148 mg, 0.576 mmol) and methanol (5 mL).  The 
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mixture was purged with N2 for 30 min, then reacted under UV light (365 nm) for 3 h to 
completion.  The mixture was then dialyzed in dialysis bag (MWCO 6,000 to 8,000 Da) 
in nanopure water.  The dialyzed solution was lyophilized resulting in a white solid that 
was kept under vacuum until use (yield: 95%).  
1
H NMR (300 MHz, D2O, ppm): 3.76-
3.34 (m, OEG Hs), 3.14-3.00 (s, N
+
(CH3)3),  2.99-2.83 (br, S SCH2CH2N), 2.70-2.52 
(br, OCH2CH2CH2S), 1.91-1.72 (br, OCH2CH2CH2S).  
13
C NMR (75 MHz, D2O, ppm): 
δ 78.3, 69.7, 65.6, 53.0, 40.0, 31.7, 31.2, 28.7, 28.1, 23.7, 22.7, 18.9.  TGA in Ar:  30-
200 °C, 3% mass loss; 200-300 °C, 22% mass loss; 300-400 °C, 90% mass loss; 400-
500 °C, 95% mass loss; 5% mass remaining above 500°C.   
Synthesis of P(AGE-b-EG-b-AGE) with Anionic Functionalities (Anionic Polymers) 
In a 20 mL scintillation vial was added P(AGE-b-EG-b-AGE) (50.0 mg, 2.75 
µmol), sodium-3-mercapto-1-propanesulfonate (340 mg, 1.92 mmol),  2, 2’-dimethoxy-
2-phenylacetophenone (148 mg, 0.576 mmol), methanol (2.5 mL) and water (2.5 mL).  
The mixture was purged with N2 for 30 min, then reacted under UV light (365 nm) for 3 
h to completion.  The mixture was then dialyzed in dialysis bag (MWCO 6,000 to 8,000 
Da) in nanopure water.  The dialyzed solution was lyophilized resulting in a white solid 
that was kept under vacuum until use (yield: 97%).  
1
H NMR (300 MHz, D2O, ppm): 
3.80-3.33 (m, OEG Hs), 2.95-2.82 (br, CH2SO3
-
), 2.72-2.47 (m, CH2SCH2), 2.00-1.85 
(m, OCH2CH2CH2S), 1.85-1.71 (br, SCH2CH2CH2S).  
13
C NMR (75 MHz, D2O, ppm): 
δ 78.2, 68.6, 49.9, 39.0, 29.8, 28.7, 27.6, 24.7, 24.2, 21.2, 17.8.  TGA in Ar:  30-200 °C, 
3% mass loss; 200-300 °C, 8% mass loss; 300-400 °C, 60% mass loss; 400-500 °C, 64% 
mass loss; 36% mass remaining above 500°C.   
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Synthesis of P(AGE-b-EG-b-AGE) with Zwitterionic Functionalities (Zwitterionic 
Polymers) 
In a 20 mL scintillation vial was added P(AGE-b-EG-b-AGE) (50.0 mg, 2.75 
µmol), 3-((2-(acetylthio)ethyl)dimethylammonio)propane-1-sulfonate (430 mg, 1.92 
mmol),  2, 2’-dimethoxy-2-phenylacetophenone (148 mg, 0.576 mmol) and methanol (5 
mL).  The mixture was purged with N2 for 30 min, then reacted under UV light (365 nm) 
for 3 h to completion.  The mixture was then dialyzed in dialysis bag (MWCO 6,000 to 
8,000 Da) in nanopure water.  The dialyzed solution was lyophilized resulting in a white 
solid that was kept under vacuum until use (yield: 93%).  
1
H NMR (300 MHz, D2O, 
ppm): 3.76-3.31 (m, OEG Hs, CH2N
+
(CH3)3CH2), 3.14-3.00 (br, CH2N
+
(CH3)3CH2), 
2.94-2.78 (br, NCH2CH2S, CH2SO3
-
), 2.68-2.58 (br, OCH2CH2CH2S), 2.23-2.02 (br, 
CH2CH2SO3
-
), 1.87-1.21(br, OCH2CH2CH2S).  
13
C NMR (75 MHz, D2O, ppm): δ. 69.3, 
63.3, 62.0, 50.8, 47.2, 45.1, 38.9, 28.0, 26.3, 18.1.  TGA in Ar:  30-200 °C, 2% mass 
loss; 200-300 °C, 8% mass loss; 300-400 °C, 83% mass loss; 400-500 °C, 88% mass 
loss; 12% mass remaining above 500°C.   
Preparation of Blended Cationic/anionic Polymers  
In a 20 mL scintillation vial equipped with a stir bar was added a solution of 
cationic polymers (500 mg, 17.1 µmol) in nanopure water (5 mL) and a solution of 
anionic polymers (528 mg, 17.1 µmol ) in nanopure water (5 mL).  The solution was 
stirred at room temperature for 1 h, dialyzed in dialysis bag (MWCO 6,000 to 8,000 Da) 
in nanopure water and lyophilized to form a white solid that was kept under vacuum 
until use (yield: 98%).   
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Disc Preparations for DMTA 
Polymers were loaded and packed into custom Delrin® molds.  The molds 
containing the polymer were placed in an oven under vacuum at 50 °C for 24 h.  The 
resulting disc with a thickness of 3 mm and 5 mm diameter was removed from the mold 
and placed under vacuum until use.  
5.3 Results and Discussion 
Herein, an ABA triblock copolymer, poly(allyl glycidyl ether-block-ethylene 
glycol-block-allyl glycidyl ether) (P(AGE-b-EG-b-AGE)), in which the P(AGE) 
endblocks contain alkene units allows for facile direct functionalization of the P(AGE) 
endblocks with cationic or anionic moieties without the use of protecting groups in 
quantitative yields (Figure 5.1).  P(AGE-b-EG-b-AGE) (Mw
NMR
: PEG midblock = 
10,000 Da, PAGE endblock Mw = 4,100 Da) was synthesized by oxyanionic ring-
opening polymerization using PEG (Mw: 10,000 Da) as an initiator.  Thiols bearing 
cationic or zwitterionic moieties were synthesized via protection and deprotection of 
thiolacetyl protecting groups (Figure 5.2).  Direct functionalization of the P(AGE) 
endblocks was performed by reacting P(AGE-b-EG-b-AGE) with cationic, anionic, or 
zwitterionic thiol compounds under UV (365 nm) light to yield cationic, anionic or 
zwitterionic polymers, respectively.  Complete functionalization was confirmed by 
1
H 
NMR with the disappearance of peaks at 5.10 to 6.10 ppm that correspond to the alkene 
protons.  A minimum of three times excess of charged thiols was required to convert all 
alkenes into thiol ester units.   
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Figure 5.1.  General macromolecular design for charged triblock copolymers derived 
from a common triblock copolymer precursor.  Mixture of cationic and anionic blended 
polymer was compared to zwitterionic polymer. 
 
 
 
 
Figure 5.2.  (A) Synthesis of cationic thiol compound.  (B) Synthesis of anionic thiol 
compound.   
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The charged polymers were investigated by TGA to determine the thermal 
stability of each charged polymer (Figure 5.3).  From ambient temperature to 130 °C, 2 
to 3% mass loss was observed in all polymers which could be attributed to the loss of 
water molecules from the hygroscopic polymers.  Interestingly, two degradation events 
were observed in the cationic polymers, the first occurring from 180 °C to ca. 300 °C, 
and the second from 270 °C to ca. 400 °C.  Two degradation events were also observed 
in the blended cationic/anionic polymers, with the first occurring at from 230 °C to ca. 
280 °C, and the second from 280 °C to ca. 400 °C.  The two degradation events 
correspond to the degradation of cationic polymer portion in the blend while the increase 
in degradation temperature was contributed by thermal properties of the anionic 
polymer.  The degradation events for the anionic and zwitterionic polymers were 
observed to occur at ca. 300 °C.  Interestingly, the blended cationic/anionic polymer has 
retained more mass than zwitterionic polymer upon heating above ca. 350 °C. 
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Figure 5.3.  TGA traces of charged polymers. 
 
 
 
 DSC was used to probe the phase transitions present in the charged polymers 
(Figure 5.4).  The DSC samples were prepared in an argon filled glove box to prevent 
any moisture from affecting the phase transition temperatures.  Upon heating, a Tc and a 
Tm were observed for all polymers.  Although all the polymers have the same backbone, 
there is a huge discrepancy in the Tc of the polymers while the Tm of the polymer ranges 
from 44 to 45 °C.  Meanwhile the Tc of the cationic and anionic polymers were observed 
to be -25 and 31 °C, respectively.  The Tc of the blended cationic/anionic polymer 
shifted to 22 °C which was in between the Tc of the individual cationic and anionic 
polymers, indicating the existence of strong interactions between the cationic and 
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anionic polymers in the blended cationic/anionic polymer.  The zwitterionic polymer 
exhibits lower crystallinity than the blended cationic/anionic polymer due to its lower Tc 
at -27 °C. 
 
 
Figure 5.4.  Normalized DSC traces of charged polymers on heating (lower) and cooling 
(upper). 
 
 
 
 Charged polymeric discs were prepared by filling a custom Delrin® mold with 
the charged polymers and pressing the polymers into a disc with the mold.  The 
mechanical properties of the charged polymers discs were investigated with a DMTA 
and the storage moduli of were plotted against temperature (Figure 5.5).  The anionic 
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polymer was observed to have a higher storage modulus than the cationic polymer at 
throughout the temperature ramp.  The storage modulus of the cationic/anionic blended 
polymer was similar to the storage modulus of anionic polymer at low temperatures.  
However, as the temperature increased past -20 °C, the storage modulus of the 
cationic/anionic blended polymer has dropped to lower than the storage modulus of the 
anionic polymer.  The zwitterionic polymer was observed to display a significantly 
higher storage modulus than the cationic/anionic blended polymer at low temperatures 
while displaying a lower storage modulus than the cationic/anionic blended polymers 
above its Tc.  The DMTA curves indicated that the zwitterionic polymer interact 
differently than the cationic/anionic blended polymer and that the zwitterionic polymer 
displayed lower storage modulus than the cationic/anionic blended polymer at relevant 
aquatic temperatures.  
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Figure 5.5.  Storage modulus measurements by DMTA of charged polymers as a 
function of temperature. 
 
 
  
5.4 Conclusions 
The synthesis of various charged polymers was completed by an efficient post-
functionalization method using thiol-ene click chemistry to click various charged 
moieties onto P(AGE-b-EG-b-AGE), which bears alkene functionalities on P(AGE) 
endblocks.  This method allows for the preparation of different charged polymers with 
similar repeat units.  Three different types of polymers (cationic, anionic and 
zwitterionic) were synthesized while an additional cationic/anionic polymer was 
prepared by mixing an equimolar ratio of cationic and anionic polymers together.   
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The thermal properties of the polymers were investigated and zwitterionic 
polymers were observed to be more stable than blended cationic/anionic polymer at up 
to 350 °C and less stable as the temperature increases above 350 °C.  All polymers have 
a similar Tm values while the Tc of blended cationic/anionic polymer was significantly 
higher than that of zwitterionic polymer.  Strong interactions were observed between the 
cationic and anionic moieties within the blended cationic/anionic blended polymer as 
suggested by the discrepancy of the DMTA curve between the zwitterionic polymer and 
the cationic/anionic blended polymer.  Electrostatic interactions of polymers with 
zwitterionic side chains are found to be weaker than electrostatic interactions of 
equimolar blends of cationic and anionic polymers at temperatures above the Tc of the 
zwitterionic polymer. 
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CHAPTER VI 
CONCLUSIONS 
 
6.1 Conclusions 
This dissertation has expanded on the development of new methodologies to 
synthesize and characterize polymeric networks that have advanced the development of 
anti-fouling coatings.  Specifically, multi-component polymeric systems are the focus as 
the systems combine the unique properties of each component, which can therefore be 
tuned and optimized for used in specific anti-fouling applications.  Amphiphilic 
networks of HBFP crosslinked with PEG display chemical heterogeneities, 
topographical and topological features and have shown resistance to the attachment of 
biomacromolecules and marine organisms of both hydrophobic or hydrophilic nature.  
The incorporation of PDMS into HBFP-PEG shows greater chemical heterogeneities on 
the surface and improved fouling release than the HBFP-PEG system.  New 
methodologies and experiments have been developed to probe the stability and 
crosslinking efficiency of the HBFP-PEG-PDMS terpolymer network in order to 
investigate the maximum wt% of PEG and PDMS that can be added into the terpolymer 
network before hitting the threshold of having excess non-crosslinked PEG and/or 
PDMS leaching off the network.  Amphiphilic networks that combine silsesquioxanes, 
fluoro- and oligo(ethylene oxide) compounds, and sulfobetaine were also generated 
efficiently via thiol-ene click chemistry for anti-fouling applications and their anti-
fouling performances were tested against various marine organisms.  Furthermore, 
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chemical modifications were performed on commercially available polymers and 
crosslinked to form amphiphilic zwitterionic crosslinked ant-fouling networks.  Lastly, 
the thermal and mechanical properties of net neutral charged (zwitterionic vs. mixed 
cationic/anionic neutral charged) polymers were investigated as the properties will play 
an important role when selecting a net neutral charged polymer for an anti-fouling 
application. 
Chapter 2 introduced the methods used to investigate the stability and 
crosslinking efficiency of HBFP-PEG-PDMS terpolymer systems.  Calculations were 
performed to determine that the number of crosslinking sites of PEG and PDMS does 
not surpass the number of bromoalkyl end groups of HBFP by 10% for HBFP-PEG-
PDMS networks with HBFP, PEG (200 wt% relative to HBFP) and PDMS (50 wt% 
relative to HBFP).  The HBFP-PEG-PDMS terpolymer networks were prepared on 
Interseal
®
 670 HS epoxy-base undercoat covered microscope glass slides by airbrush 
application.  Although SEM images of the cross sections showed subtle differences in 
the visualization of the Interseal
®
 670 HS epoxy-base undercoat layer and the HBFP-
PEG-PDMS terpolymer network layer, the presence of a thin layer of HBFP-PEG-
PDMS terpolymer network on top of the Interseal
®
 670 HS epoxy-base undercoat was 
still confirmed.  The water contact angles, IR spectra and AFM images of the HBFP-
PEG-PDMS terpolymer network showed minimal change in the dry and water-swollen 
states, indicating that dynamic surface reorganization was probably not occurring when 
the networks were immersed in water, which could be attributed to the bottom layer of 
the HBFP-PEG-PDMS terpolymer network lacking the freedom and mobility to move to 
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the surface as it was covalently attached to the Interseal
®
 670 HS epoxy-base undercoat.  
The HBFP-PEG-PDMS terpolymer network produced by airbrush application was also 
much thinner than those produced by drop cast method (1 µm vs. 300 µm).  Therefore, 
there are significantly fewer materials between the bottom layer that is covalently 
attached to the epoxy and the surface to be able to reorganize to the surface.  The HBFP-
PEG-PDMS terpolymer networks were also confirmed to be stable when immersed in 
synthetic seawater for at least a week.  Soxhlet extraction experiments were performed 
on the HBFP-PEG-PDMS terpolymer networks and the results indicated that the 
terpolymer networks were stable.  This indication suggests that future modifications in 
the terpolymer formulation can be performed while maintaining a stable network as long 
as the number of crosslinking sites of the linear polymers does not surpass the number of 
bromoalkyl end groups in HBFP by 10%.   
 Chapter 3 maintained the concept of using a three-component system for anti-
fouling applications through a UV-cured crosslinked system using the simple and 
efficient thiol-ene click chemistry.  A series of amphiphilic zwitterionic ternary coatings 
with different molar equivalences of POSS, AFSM and ZSM have been prepared on 
silanized microscope glass slides with an airbrush applicator.  Coatings were cured under 
UV light without having to use elevated temperatures in order for crosslinking to take 
place.  Anti-fouling experiments using various marine organisms were performed on 
pristine and biofilmed ternary coatings to understand the fouling behavior of these 
organisms in both a laboratory and “real world” environment.  The biofilm was observed 
to increase the settlement of the sporelings while displaying no difference in the 
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settlement of diatoms and barnacle cyprids.  The ternary networks also failed to exhibit 
significant improvement in resisting the settlement of the tested marine organisms.  
Future directions of these ternary coatings will involve tuning the ratio of each 
component or even changing one or more components in the system. 
 Chapter 4 explored the development of a new facile strategy to achieve 
amphiphilic zwitterionic coatings from a commercially-available polymer.  The starting 
polymer contains both nonreactive hydrophobic and alcohol groups.  The alcohol groups 
allow for easy functionalization to form cyclic phosphotriester units that can then be 
converted to phosphorylcholine units.  The wettabilities and surface properties of the 
amphiphilic zwitterionic polymeric networks could be controlled by varying the extent of 
crosslinking in the networks, which influenced the compositional profiles.  The 
amphiphilic zwitterionic coatings displayed superior anti-biofouling performance at 
resisting both protein (BSA) and whole marine organism (Ulva zoospore) fouling.     
 The thermal and mechanical properties of zwitterionic vs. net neutral mixed 
charged polymers were investigated in Chapter 5.  Three charged (cationic, anionic and 
zwitterionic) polymers were prepared by an efficient post-functionalization method 
using thiol-ene click chemistry to click various charged moieties onto P(AGE-b-EG-b-
AGE), which bears alkene functionalities on P(AGE) endblocks.  An additional 
cationic/anionic polymer was prepared by mixing an equimolar ratio of cationic and 
anionic polymers together to form the net neutral mixed charged polymers.  TGA 
suggested that zwitterionic polymers were more stable than blended cationic/anionic 
polymer at up to 350 °C and less stable as the temperature increased above 350 °C.  
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Higher crystallinity was observed in the blended cationic/anionic polymer than in the 
zwitteronic polymer as indicated by the measured Tc.  Electrostatic interactions of 
polymers with zwitterionic side chains were found to be weaker than the electrostatic 
interactions of equimolar blends of cationic and anionic polymers at temperatures above 
-27 °C as indicated by the storage modulus curves measured from DMTA. 
This dissertation has contributed to the understanding of the surface properties, 
stabilities and antifouling properties of various amphiphilic crosslinked systems to help 
with the further advancement of amphiphilic anti-fouling coatings.  The ability to test for 
the stabilities of the HBFP-PEG-PDMS terpolymer networks has allowed for increased 
wt% of linear polymers or even small molecules to be incorporated into the formulation 
while maintaining a stable network.  Furthermore, the stabilities of the HBFP-PEG-
PDMS terpolymer networks in seawater overtime can be studied to provide insight on 
the longevity of the coatings.  Although the Soxhlet extraction experiment does not 
confirm that crosslinking of the HBFP with PEG and PDMS has in fact taken place, the 
experiment still suggests that the polymers are either crosslinked or interacting strongly, 
forming a stable network.  Soxhlet extraction experiments can also be performed on 
coatings that are prepared without the use of DIPEA, where crosslinking can occur.  This 
experiment, however, will not help determine the extent of crosslinking within the 
network.  The extent of crosslinking may be determined by XPS as the binding energy of 
primary amine groups of the linear polymers when not crosslinked would differ from the 
binding energy of secondary amine groups formed when the linear polymers are 
crosslinked.  
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The use of thiol-ene click chemistry to form UV-cured crosslink networks has 
eliminated the use of elevated temperatures for curing.  However, shining UV light to 
cure the networks may not be necessarily feasible on ship hulls.  Other chemistries that 
do not require elevated temperatures or UV light should be explored to form amphiphilic 
crosslinked networks.  Ternary crosslinked networks generated from various amounts of  
silsesquioxanes, amphiphilic small molecules and zwitterionic small molecules via thiol-
ene click chemistry were shown to not display improved anti-fouling properties.  There 
was no significant change in the anti-fouling properties of the whole series of ternary 
systems.  The use of small molecules for crosslinking and coupling does not provide the 
method to change the chemical heterogeneities drastically.  The small molecules may 
need to be replaced by polymers for the polymers to make a significant contribution to 
the physical and chemical properties of the ternary networks. 
The amphiphilic zwitterionic coatings containing phosphorylcholine groups 
demonstrated that these polymers could be generated from a simple two steps 
modification.  However, each step does not reach a 100% conversion.  Any unreacted 
units or side product generated during the two steps could lead to unwanted properties in 
the coating.  Therefore, there is a need to optimize the conditions for the two steps 
modification before introducing the amphiphilic zwitterionic coatings into the marine 
environment.  Moreover, silanizing a ship hull may not be practical to help attach the 
coating on the ship.  The use of the epoxy undercoat to attach the coating on a substrate 
or other methods may need to be explored.   
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In closing, biofouling is clearly a complex problem with much chemistry, physics 
and biology remaining to be understood.  Fouling in the marine environment poses an 
increasing challenge due to the difference in water temperament and vast variety of 
species around the world.  This work contributes to the platform in the current 
advancement of anti-fouling coatings by investigating new methodologies in the design 
and characterization of amphiphilic anti-fouling networks. 
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